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Abstract 
 
This thesis presents the results of the research component of this EngD, entitled 
 
Use of fan rig data for the understanding and prediction of fan broadband noise and noise 
changes due to a variable area nozzle 
 
As suggested by the title, fan rig noise measurements form an integral part of this thesis. The 
analysis of a database of rig noise measurements forms the first section of this thesis, in two 
parts. The first part describes the analysis of a set of fan rig noise measurements, including the 
variation of fan broadband and tone noise in forward and rearward arcs. The second part 
examines a large database of fan rig noise measurements, and attempts to derive correlations 
of  fan  broadband  noise  and  fan  performance  parameters.  Cluster  Analysis,  Principle 
Component  Analysis,  and  Regression  Analysis  are  used  to  understand  and  describe  the 
underlying  physics  of  broadband  noise  generation  and  the  relationships  between  these 
predictors. 
 
The second section of this thesis uses a cascade broadband noise model to investigate rotor 
stator  broadband  noise.  Predictions  of  the  broadband  noise  from  this  noise  model  are 
compared to rig measurements, showing  good accuracy. The underlying physics of rotor 
stator broadband noise generation is investigated by performing two parametric studies using 
the broadband noise model. The first parametric study investigates the effect on broadband 
noise of simple flow and geometric parameters, namely number of vanes, vane chord, vane 
stagger angle, and  rotor wake turbulence intensity, turbulent length scale, and flow Mach 
number  onto  the  cascade.  These  results  are  used  to  derive  scaling  power  laws  for  the 
prediction of changes in broadband noise due to changes in these parameters. The second 
parametric study expands upon this by investigating the effect on broadband noise of the fan 
design parameters shaft speed, pressure ratio, and efficiency, at approach, cutback and cruise 
conditions. The variation in broadband noise due to these design parameters is explained by 
considering the underlying flow and geometric parameters such as number of vanes and Mach 
number, and the scaling power laws based on these simple parameters are used to predict the 
change in broadband noise between different performance points. 
 
The final section of this thesis investigates the effect of varying exhaust nozzle area on total 
engine noise. A new method is presented that allows the transfer of changes in fan rig noise to Eugene P. Deane  EngD Thesis September 2009  2 
engine noise predictions, to estimate the change in fan noise due to the pressure ratio changes 
brought  about  by  a  variable  area  nozzle.  Changes  in  engine  noise  are  investigated  for 
approach, cutback, and sideline conditions, and the application of the new method assessed. 
 
As the research displayed in this thesis is closely linked to industry, the foundation of work 
presented in several chapters is dependent on data or figures that are commercially sensitive. 
It has therefore been necessary to create a confidential appendix (Appendix X) to include 
these commercially sensitive items. These additional results and figures in Appendix X are 
supplementary in nature, and sufficient results are presented in the public thesis to illustrate 
the results of the various chapters. Where supplementary information and results are available, 
this is clearly indicated at the pertinent point in the published thesis, along with the section of 
Appendix X where the information can be found. In order to gain access to Appendix X, 
please contact: 
 
  Team Leader – Fan Noise 
Noise Control Engineering,  
Rolls Royce plc,  
SINA 76, 
PO Box 31, 
Derby DE24 8BJ, 
England 
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1. Overview of EngD Project 
1.1.  Philosophy of EngD program 
 
This thesis presents the research work carried out in partial fulfilment of an Engineering Doctorate 
(EngD). An EngD is a four year research program, during which research is undertaken that is of 
interest to, and in close collaboration with, an industrial sponsor.  
 
The research of an EngD can be strongly interdisciplinary, and involve a number of related projects 
that fall under an overall umbrella title. The research must reflect the state of the art in the field, and 
display originality and creativity as in a traditional PhD. However, unlike a traditional PhD, the work 
must be directly applicable to an industrial or commercial context. This context is provided by the 
industrial sponsor. 
 
The main theme of this EngD thesis is aircraft noise. The aim is to analyse rig measured fan noise, and 
use this noise data in the prediction of both fan broadband noise and the noise effects of a variable area 
nozzle. A ‘road map’ for this EngD program, describing the research topics and their integration, is 
discussed in Section   1.5. 
 
The EngD program differs from a traditional PhD program in that it combines doctoral research with a 
significant taught component which is assessed by examination and coursework. In total a minimum 
of 1200 Hours of study are required from technical (MSc), management (MBA) and generic skills 
courses. In total 1325 hours of study were completed during this EngD, before the end of the second 
year. 
 
1.2.  Overview of Research Component 
 
This thesis presents the results of several investigations into aero engine noise. The core study in this 
thesis is an investigation into fan rig noise measurements. This provides a greater understanding of the 
associated noise sources, both tone and broadband, in both forward and rearward arcs. This rig data is 
used to provide input to, and validate the results of the other investigations in this EngD. 
 
An analytic computer model is used to investigate fan rotor stator interaction broadband noise. Two 
parametric studies are carried out using the rotor stator interaction broadband noise model. The first 
parametric  study  investigates  the  effect  on  broadband  noise  of  varying  simple  geometric  and 
aerodynamic parameters associated with the stator vanes. The second parametric study investigates the Eugene P. Deane  EngD Thesis September 2009  14 
effect of varying fan design parameters (efficiency, pressure ratio and shaft speed) on fan broadband 
noise at cruise, cutback and approach flight conditions. 
 
Another investigation reported in this thesis is that of a statistical analysis of a large fan rig noise 
database. A number of statistical techniques are used to provide a greater understanding of groups of 
various  correlated  flow  and  performance  parameters,  and  how  these  correlate  with  the  measured 
broadband noise. This analysis is used to generate regression equations relating broadband noise to 
various flow and performance parameters.  
 
The final major section of this thesis presents an investigation into the total aircraft and total engine 
noise effects of a variable area nozzle on several engines at certification flight points. Variable Area 
Nozzles  are  a technology  currently  under investigation  for their  potential  benefits to  both  engine 
performance and noise. This study provides a procedure using fan rig noise data for incorporating fan 
noise changes due to nozzle area variations into the prediction of total engine noise. 
 
Although  the  investigations  of  this  EngD  are  on  aero engine  noise,  any  interpretation  relies  on 
knowledge  of  how  the  performance  of  an  aero engine  fan  is  characterised  using  the  concept  of 
working lines. A brief introduction of working line theory is provided in Appendix D. 
 
1.3.  EngD Calendar 
 
A calendar outlining the timescales of this EngD can be seen below in Table 1. This includes time 
spent undertaking either courses or research, stating whether this work was carried out in the Rolls 
Royce University Technology Centre (UTC) at the University of Southampton, or at industry. During 
the course of the EngD, approximately 18 months were spent working at the industrial site, with the 
remainder spent at the University of Southampton. 
 
Year 2004 2005 2006 2007 2008
Quarter 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3
Topic Research
Location Rolls Royce University
Study and Research Study Research
University Rolls Royce University  
Table 1 – Calendar of EngD activities 
 
1.4.  Overview of taught component 
 
As mentioned previously, the EngD program differs from a traditional PhD in that it also includes a 
significant taught component, with modules chosen from technical, management and generic skills Eugene P. Deane  EngD Thesis September 2009  15 
streams. In total, 1325 hours of study were completed for these courses, presented below beginning 
with the technical modules. 
 
1.4.1. Technical modules 
 
The technical modules, completed as part of this EngD program, were chosen for their relevance to 
aircraft  noise.  The  background  of  the  candidate  was  in  Aeronautical  Engineering.  No  study  of 
acoustics had been performed previously. Modules in acoustics, and signal processing and analysis 
were therefore undertaken. Due to the emphasis on fan broadband noise, and the importance of the 
rotor wake on this noise generating mechanisms, further modules were completed on flow turbulence 
in both physics and modelling. The final technical modules were on numerical methods, and flow 
control. The technical modules taken by the candidate are listed below: 
 
                    Study Hours 
•  Fundamentals of Acoustics              100 
•  Analytical and Numerical Acoustics            100 
•  Signal Processing and Analysis              100 
•  Numerical Methods                100 
•  Turbulence 1: Physics and Experiment            100 
•  Turbulence 2: Computation and Modelling          100 
•  Flow Control                  100 
 
1.4.2. Management modules 
 
The complete list of management modules can be seen below: 
                    Study Hours 
•  Analytic Skills                  70 
•  International Business                70 
•  Project Risk Management 1              70 
•  Problem Structuring                70 
•  Business Ethics                 70 
•  Risk and Crisis Management              75 
 
1.4.3. Generic Skills 
 
Generic Skill courses encompass many of the different skills required during and after the EngD 
program.  These  courses  include  presentation  skills,  negotiation  skills,  technical  writing,  CV 
preparation, and team working. Research engineers are also required to present results of their studies 
at an annual EngD conference day, in addition to presenting at external conferences. In total these 
generic skill courses account for 200 study hours. Eugene P. Deane  EngD Thesis September 2009  16 
 
1.5.  Breakdown of Thesis 
 
Figure   1.5 1 shows the ‘roadmap’ for this EngD program, along with associated thesis chapters where 
appropriate. This is discussed in the following chapter. 
 
 







Overview of Thesis Chapters 
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2. Overview of Thesis Chapters 
 
An overview of the contents in each chapter is presented below. As the research displayed in this 
thesis is closely linked to industry, the foundation of work presented in several chapters is dependent 
on  data  or  figures  that  are  commercially  sensitive.  It  has  therefore  been  necessary  to  create  a 
confidential appendix (Appendix X) to include these commercially sensitive items. These additional 
results and figures in Appendix X are supplementary in nature, and sufficient results are presented in 
the public thesis to illustrate the results of the various chapters. Where supplementary information and 
results are available, this is clearly indicated at the pertinent point in the published thesis, along with 
the section of Appendix X where the information can be found. In order to gain access to Appendix X, 
please contact the Fan Noise Team Leader at Rolls Royce plc, Derby. 
 
2.1.  Chapter 3 
 
Chapter 3 includes a review of the literature relevant to the investigations of this thesis. This includes 
papers and reports on rig noise measurements and analysis. Also discussed are papers concerning 
broadband noise modelling, and those presenting the results of investigations into the acoustic effects 
of a variable area nozzle on fan noise. 
 
2.2.  Chapter 4 
 
A central theme of this thesis concerns rig noise and analysis. Chapter 4 is separated into two sections 
4a and 4b, describing two separate rig noise investigations of a measured rig noise dataset. 
 
Chapter 4a provides an analysis of individual fan noise sources. Several results from this chapter can 
be found in Chapter 4a of Appendix X. Both tone and broadband noise measurements in forward and 
rearward arcs are plotted against fan pressure ratio and mass flow on working line diagrams. This data 
is used in each of the other main sections of this thesis. The rotor stator broadband noise model 
presented in Chapter   7 uses rig noise measurements to verify the broadband noise predictions of 
realistic fan stages. Fan rig noise measurements are also used to predict changes in noise level of the 
various fan noise sources as a function of variable nozzle area, in Chapters   8 and   9. 
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Chapter  4b  presents  a  correlation  analysis  of  rig  noise  measurements  from  many  rig  datasets. 
Statistical  methods  are  used  to  derive  the  final  regression  equations,  between  rig  measured  fan 
broadband noise and flow and rig predictors.  
 
The statistical techniques are used to provide an increased understanding of the physics of the different 
predictors included in the analysis and their mutual correlation. Principle Component Analysis is used 
to indicate the number of uncorrelated components within the rig noise dataset, indicating the number 
of predictors required in the final equations. Cluster Analysis is used to reduce the rig noise dataset 
into groups of uncorrelated performance variables. Regression Analysis is then used to form the final 
regression equations that predict the rig measured broadband noise from a number of representative 
uncorrelated components, chosen from the Cluster Analysis results. 
 
2.3.  Chapter 5 
 
This chapter is the first of three chapters aimed at understanding fan broadband noise. Chapter 5 
presents the theory underlying the broadband noise model at the heart of Chapters   6 and   7. Also 
introduced  is  the  critical  frequency  defined  in  Reference  [11],  used  to  separate  the  modelled 
broadband noise spectra into low and high frequency bands.  
 
2.4.  Chapter 6 
 
Chapter   6 presents the results of the first of two parametric studies performed using the broadband 
noise  model.  This  first  parametric  study  considers  the  effect  on  fan  broadband  noise  of  simple 
geometric  (number  of  vanes,  stagger  angle,  and  vane  chord)  and  flow  parameter  (Mach  number, 
turbulence intensity, and turbulence length scale). The variations in broadband noise are used to derive 
sound power scaling laws based on the most important of these predictors. These sound power scaling 
laws are subsequently used in Chapter   7 to predict changes in sound power level between various test 
points. 
 
2.5.  Chapter 7 
 
The parametric study of Chapter   6 is extended in Chapter   7, which considers the effect on broadband 
noise of the fan design parameters of fan efficiency, pressure ratio, and shaft speed. This chapter 
presents the predictions of the fan broadband noise, though several results are to be found in Appendix 
X. The accuracy of these predictions are compared to rig measurements. Use is made of the sound Eugene P. Deane  EngD Thesis September 2009  20 
power scaling laws derived in the first parametric study of Chapter   5 to predict the broadband noise 
changes  between  different  flight  cases.  These  scaling  laws  provide  an  efficient  prediction  of  the 
changes in sound power without having to run the broadband noise model. 
2.6.  Chapters 8 and 9 
 
Chapter   8 introduces the final investigation into the effects of a Variable Area Nozzle on total aircraft 
noise. This chapter introduces the procedure used to extract fan noise changes for changes in working 
line, from the rig noise data described in Chapter 4. Chapter   9 then presents the resulting noise effects 
of a Variable Area Nozzle on several engines. These results are presented at certification flight points. 
Additional results from this investigation can be seen in Appendix X. 
 
2.7.  Engines investigated during this thesis 
 
During this thesis fan noise rig measurements were used from a range of representative fan stage 
geometries. These were used for the prediction and validation of fan broadband noise. Finally the 
performance of these engines was used to allow prediction of the effect of a variable area nozzle on 
aircraft noise. Five engines are investigated. The relationship between these engines is presented in 
Section 2.7 of Appendix X, however the relative performance of each engine is ranked in Table 2 
below. The smallest diameter, lowest thrust, and lowest shaft speed, are ranked 1. 
 






Engine 1  1  5  4 
Engine 2  4  4  3 
Engine 3  2  2  1 
Engine 4  5  1  5 
Engine 5  3  3  2 
 
Table 2 – Relative performance descriptions of engines used in this thesis 
2.8.  Additional technical work not included in the thesis 
 
Early work undertaken in the EngD program included the completion of the courses listed previously. 
Initial research concentrated on the use of off the shelf CFD codes for the prediction of turbulent 
wakes generated by individual aerofoils and rotor blades, and the noise generated by individual blades 
subjected to turbulent wakes. Early work investigated the use of commercial RANS CFD codes for the 
prediction of the turbulent wake of a NACA 0012 aerofoil. This assessed the use of RANS CFD in Eugene P. Deane  EngD Thesis September 2009  21 
predicting the self similarity and evolution of turbulent wakes, with a view to using these results to 
generate  the  turbulent  wakes  impinging  on  a  downstream  stator  cascade  for  broadband  noise 
prediction. Note that although this work is not reported in this thesis it is presented in the conference 
paper [13]. This work was extended by the use of a RANS CFD code to predict the wakes of the 
Boeing  18”  fan,  for  comparison  with  the  results  of  [16].  However  blade  geometry  information 
provided was found to be insufficiently precise to provide accurate predictions, and so these results are 
not included in this thesis. 
 
The following chapter presents a review of the literature relevant to the work presented in this thesis, 
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3. Aircraft noise overview: a survey of relevant literature 
 
3.1.  Importance of aircraft noise  
 
The airport and airline industries are estimated to be worth £18.4 billion per year to the UK Gross 
National Product
1, £7.8 billion in taxation to the exchequer, and directly supports 234,000 jobs. Air 
travel is forecast to grow greatly over the coming decades, with some predictions of unconstrained 
growth estimating 2030 levels of three times that of the year 2000 [51] as plotted in Figure   3.1 1: 
 
 
Figure   3.1 1   Forecast growth of aviation in the UK, 1998 to 2020 [51] 
 
Clearly such growth, while benefiting both the population and the economy, will have an adverse 
effect  on  the  environment  especially  in  terms  of  noise  and  air  pollution.  This  problem  is  being 
addressed both at national and international levels in the United States (US) and European Union (EU).  
 
The Advisory Council for Aeronautics Research in Europe (ACARE) [51] in 2001 published a report 
entitled ‘European Aeronautics: A Vision for 2020’. In this report the Strategic Research Agenda 
(SRA) states the four aims: 
 
1.  Reduce fuel consumption and CO2 emissions by 50% 
2.  Reduce perceived external noise by 50% 
3.  Reduce emission of NOX by 80% 
4.  Make substantial progress in reducing environmental impact of manufacture, maintenance and 
disposal of aircraft and related products 
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There are numerous noise sources on an aircraft present on both the airframe and the engine. However, 
their  importance  varies  depending  on  the  flight  regime.  Figure  3.1 2  below  shows  the  estimated 
contributions made by the engine, both in terms of individual component noise and total noise, and 
airframe noise in the two flight regimes of take off and approach [52]. 
 
 
Figure   3.1 2   The main contributing noise sources for take off and approach [52] 
 
Although the airframe contribution is considerable, especially at approach, the noise generated by the 
engine is dominant in both cases, especially at take off.  
 
3.2.  Sources of aircraft noise  
 
Also  shown  in  Figure    3.1 2  above  are  the  contributions  of  the  major  noise  generating  engine 
components. The magnitude and directivity of these noise sources are shown below in Figure   3.2 1.  
 
Figure   3.2 1   Individual noise generating components of a typical modern engine [52] Eugene P. Deane  EngD Thesis September 2009  25 
 
The most important noise generation mechanisms to overall aircraft noise are jet noise and fan noise. 
These are further discussed below. 
 
3.2.1. Jet Noise  
 
Jet noise is the principal noise source at take off, as the aircraft engine is operating under full power 
and the jet velocity is at a maximum. The engine exhaust gases are expelled at high velocity, and the 
noise is generated by the turbulent mixing of these gases with the ambient air. The noise produced by 
a single stream jet increases in proportion to the jet velocity to the power of eight.  
 
Jet noise is the only engine noise source that is generated outside the engine. The mixing and noise 
generation takes place over a large axial distance downstream that can be equivalent to ten nozzle 
diameters. Smaller turbulence length scales close to the nozzle produces higher frequency noise. As 
the  length  scale increases  with  axial  downstream  distance (beyond  approximately  5  jet  diameters 
downstream) this in turn generates lower frequency noise. 
 
Jet noise was the main contributor to the high noise levels generated by the first generation of turbo 
jets. These had either no bypass flow, or were low bypass ratio turbofans. The contribution of jet noise 
to overall noise levels has now been alleviated greatly with the introduction of higher bypass ratio 
turbo fan engines. These allow the same thrust level to be achieved by moving a larger mass of air at a 
slower velocity. Further jet noise reductions can also be achieved by increasing the mixing between 
flows before exhausting to the atmosphere. This can be achieved by using a core mixer such as that 
shown in Figure   3.2.1 1, though the increased drag and weight penalties caused by the inclusion of 
this device need to be considered to determine if this is the optimum choice for an engine application. 
Another device to reduce jet noise are nozzle serrations, as shown in Figure   3.2.1 2.  




3.2.2. Fan Noise  
 
At subsonic speeds, fan noise is predominantly generated by the interaction between the fan blade 
wakes and the stators. This noise then radiates both upstream and downstream of the fan stage. From 
Figure   3.2 1 it is seen that the noise contribution by the fan is significant, being only slightly lower in 
level than the jet noise at take off, but also being the dominant source at approach. Fan noise has both 
tonal and broadband components. Fan broadband noise is becoming increasingly important as fans 
become larger and rotate at lower speeds. 
 
3.2.2.1.  Tone Noise 
 
At subsonic rotor tip speeds, tone noise is predominantly generated by rotor stator interaction, at the 
blade passing frequency and its harmonics. This propagates both down the bypass duct, and upstream 
through the rotor. Fan blade tip speeds that exceed the speed of sound generate ‘buzz’ noise, so called 
because of it’s distinct ‘circular saw’ sound. At supersonic fan tip speeds, shock waves form in the 
passages between blades. Slight variations between individual shock waves are the cause of buzz saw 
noise and produce tones at harmonics of the shaft rotation frequency. 
 
3.2.2.2.  Broadband Noise  
 
Most turbo machinery broadband noise is generated whenever turbulent flow interacts with a surface. 




Figure   3.2.1 1 – Jet noise 
alleviation by core mixer [52] 
 
Figure   3.2.1 2 – Jet noise alleviation by nozzle serrations [52] Eugene P. Deane  EngD Thesis September 2009  27 
1.  Interaction between turbulence from rotor wake impinging on downstream stators 
2.  Rotor alone noise 
3.  Inlet boundary layer growth and interaction with rotor 
4.  OGV alone noise 
 
The broadband noise investigation that forms a significant part of this thesis describes an investigation 
into the first mechanism listed above. 
 
The following sections discuss the important literature relevant to the investigations described in this 
thesis. The first section discusses rig noise measurements, of which there are surprisingly few reported 
in the open literature that directly measures rig noise and aerodynamic parameters. This is followed by 
a discussion of the broadband fan noise models published in the literature. The models included in this 
discussion are broadband noise models that take into account cascade effects in which the influence of 
adjacent blades on the generated noise are important. Finally, the recent work on variable area nozzles, 
a technology that is in the early stages of consideration for amelioration of aircraft noise, is discussed. 
 
3.3.  Broadband Noise Parameter and Correlation Studies  
 
The mechanism of fan broadband noise generation is complex. Each of the four main broadband 
sources discussed above in Section   3.2.2.2, involves the complex interaction between fan blades and 
turbulence,  which  is  poorly  understood.  This  has  motivated  studies  of  fan  broadband  noise  by 
experiment, analysis, and numerical methods. The dominant fan broadband noise source is believed to 
be due to the interaction between the turbulent wake generated by upstream rotating rotors impinging 
onto  downstream  stators. To the  Author’s  knowledge  very  little  work  has  been  published  on the 
subject of the characteristics of the turbulent wake from a ducted rotor in a smooth uniform flow. The 
important work on the measurement of turbulence within, and noise from, fan rigs is now presented. 
 
3.3.1. Derivation of Fan Wake Turbulence Correlations   Gliebe et al 
 
The first work to be discussed here is that of Gliebe et al [21], whose results have influenced the 
results of the fan broadband noise investigations presented in this thesis. This is a comprehensive 
study that describes a number of aeroacoustic prediction codes to model various engine noise sources, 
not only fan broadband noise. However, in order to provide accurate inputs to their fan broadband 
noise model, Gliebe et al also produce correlations of experimentally measured turbulence parameters. 
These correlations are used in this thesis. Gliebe et al use the results of Wygnanski et al [50] who 
show  that  the  turbulent  quantities  of  the  wake  generated  by  an  aerofoil  can  be  estimated  from 
knowledge of the mean wake width and the maximum velocity deficit, and the aerofoil trailing edge 
momentum thickness. Gliebe et al use this work to produce correlations that predict the evolution of Eugene P. Deane  EngD Thesis September 2009  28 
various mean and turbulent wake parameters with increasing downstream distance. These correlations 
are derived from data measured during fan stage tests at the Low Speed Research Compressor (LSRC), 
configured  to  simulate  a  fan  stage  with  large  axial  spacing.  All  three  components  of  the  wake 
turbulence intensity and integral length scales can be predicted from the wake momentum thickness 
and axial distance downstream. These correlations are therefore used to predict the turbulence inputs 
to the broadband noise modelling of real fan stages, in the second broadband noise parametric study 
presented in Chapter   7. The correlations due to Gliebe are presented in Appendix C 2. 
 
3.3.2. Boeing 18 inch fan rig broadband noise test   Ganz et al 
 
Another detailed study of both fan wake turbulence and the associated fan rig noise is that reported by 
Ganz et al [16], who analyse the measured wakes in a Boeing 18 inch fan rig broadband noise test. 
This is a wide ranging and comprehensive investigation in which many turbulent and mean wake 
results are presented. The Boeing 18 inch fan rig from the Boeing Low Speed Aeroacoustic Facility is 
used in an attempt to identify and quantify the mechanisms by which fan broadband noise is produced. 
The inlet of the rig is cylindrical and contains a boundary layer suction system which can remove part 
of or the complete inlet boundary layer. Three rotor blade tip gaps were investigated (0.5%, 0.8%, and 
1.1% with respect to the mid chord blade height). The fan stator vanes are removable and a number of 
stator sets of varying blade number are investigated to increase understanding of the effect on the fan 
broadband noise of the number of vanes, stator solidity, etc. Two axial stator locations are used. Blade 
loading is also adjustable by the use of a throttle, with the rotor subjected to three loading levels, 
including high loading just below stall, medium loading at the design speed, and low loading near 
choke. Results pertinent to this thesis are discussed in Appendix B. Of particular interest here are the 
results describing the evolution of rotor mean wakes with downstream distance. However, with respect 
to  this  thesis,  the  most  important  results  are  those  concerning  the  turbulent  wakes  and  acoustic 
measurements. These are summarised below. 
 
Turbulence measurements are taken with two hot wire anemometer probes in the fan duct between the 
rotor  and  stator  vanes. These  are  cross wire  probes  that can  measure the three  unsteady  velocity 
components as well as the mean flow velocity and angle. Ganz et al measured the turbulence intensity 
at various radial positions in the fan duct, at an axial position equivalent to the forward stator position. 
Here the turbulence intensity is found to be less than 1% between the rotor wakes, and between 4% 
and 6% in the wake cores. These levels are similar to those used in the parameteric studies performed 
in Chapters   6 and   7 (the turbulence inputs to the broadband noise model of Chapters   6 and   7 are 
derived using the Gliebe [21] wake correlations, discussed above). Ganz et al find the streamwise 
turbulent component to be largest in the centre of the wake (position of maximum wake mean velocity 
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turbulent component to be maximal between the wakes near the tip. However, the strongest turbulence 
component overall is the streamwise component near to the outer wall. 
 
Ganz et al find that the rotor drag coefficient (and therefore momentum thickness), wake width and 
width of high turbulence intensity region, and turbulence length scales increase with fan loading. 
Higher fan loadings increase the turbulence intensity near the tip. This is due to radial migration of 
turbulent flow features towards the tip, and the interaction of a stronger tip vortex with the casing 
boundary  layer.  Only  small  differences  are  found  between  the  turbulence  intensity  of  all  three 
components, except near the wall regions of the rotor hub and tip. This increase in turbulence intensity 
and length scale at the tip is calculated using the Gliebe correlations using the increased rotor wake 
momentum thickness as input data, and therefore do influence the turbulence parameters input to the 
broadband noise model in the second parametric study (Chapter   7).  
 
The turbulence component perpendicular to the stator vanes is predicted to be the most important in 
the generation of fan broadband noise. The distribution of the tangential turbulence component across 
the wake is nearly symmetric, unlike the streamwise and radial components which exhibit a peak on 
the suction side of the rotor blades. 
 
Ganz  et  al  also  present  far  field  and  induct  acoustic  measurements.  A  novel  feature  of  this 
investigation is that Ganz et al separate fan noise sources into their sub components, of rotor noise, 
boundary layer noise and stator noise sources. A typical source breakdown example can be seen below 
in Figure   3.3.2 1, for the aft radiated noise generated by the fan at 55% speed. 
 
 
Figure   3.3.2 1 – Aft radiated sound power, fan noise sub source breakdown, 55% shaft speed [16] Eugene P. Deane  EngD Thesis September 2009  30 
 
At lower frequencies, below 5 kHz, rotor alone noise is clearly the dominant source. It appears to be 
the  sole  contributing  factor  at  very  low  frequencies,  though  this  frequency  region  may  be 
contaminated  by  rig  noise.  Ganz  et  al  found  that  the  rotor alone  noise  source  increases  with 
approximately the 6
th power of velocity, suggesting it is of dipole origin. Interaction between the rotor 
and the outer wall boundary layer generates noise whose spectrum consists of broad hay stack type 
tones centred on multiples of the blade passing frequency. This noise source is removed by using the 
suction mechanism to take away the boundary layer.  
 
Clearly  the  broadband  noise  due  to  rotor stator  interaction  is  the  dominant  subsource  above 
approximately  5  kHz  at  this  fan  speed.  As  this  is  the  dominant  source  it  has  been  chosen  for 
investigation in this thesis. Ganz et al find that the stator noise due to interaction with the rotor blade 
wake  is  only  weakly  dependent  on  blade  loading,  with  a  3dB  change  in  sound  power  for  a 
% 10 ± change in fan pressure ratio. This level of noise change with pressure ratio is very similar to 
the results predicted in Chapter   7 of this thesis. Ganz et al find that the sound power increases ‘nearly 
linearly’ with the number of stators. This variation is considered in more detail in Chapter   7, where a 
linear increase in upstream propagating sound power with the number of stators is found, although the 
downstream propagating sound power increases more slowly with the number of stator vanes V. Ganz 
et al speculate that increasing the stator solidity appears to cause a more rapid fall off of rotor noise, 
although more data for different stator sets is needed to fully understand these effects. Ganz et al 
therefore address several questions concerning the effect of stator cascade geometry on interaction 
noise, specifically: 
 
•  Does the solidity effect increase at even higher solidities? 
•  How is the peak frequency related to chord and spacing? 
•  Are  these  effects  predicted  by  the  fluctuating lift  models  under  development  by  other 
researchers? 
 
These questions are discussed in Chapter   6 of this thesis in which the effect of stator count and solidity 
on the predicted broadband noise is investigated. 
 
Additionally,  Ganz  et  al  find  that  the  OASPL  (Overall  Sound  Pressure  Level)  increases  with 
approximately the 6
th power of fan speed. A similar test on the velocity scaling law was performed 
using the broadband noise model, the results of which are shown in Chapter   7. The effect on rotor 
stator broadband noise due to a change in shaft speed along a working line was found to be primarily 
due to the change in rotor wake Mach number of the flow impinging on the stator vanes. In the first 
parametric study of Chapter   6, the effect of flow Mach number impinging onto the stator vanes is 
found to be less than the 6
th power law for low frequency sound power (approximately the 4
th power), 
although varies as approximately the 6
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results are therefore in general agreement with the findings of Ganz et al, with the difference possibly 
due to 3 dimensional effects not captured by the 2 dimensional broadband noise model used in this 
thesis. 
 
3.3.3. Fan noise source diagnostic test 
 
More recent (1999) experimental campaigns that investigate experimentally both the fan noise and 
turbulence in the flow around the fan have been carried out as part of the Fan Noise Source Diagnostic 
Test. This test was carried out in the NASA Glenn Research Centre's 9 by 15 foot low speed wind 
tunnel on a 22 inch scale model representative turbofan bypass stage. The principle objective of this 
project was to study the source mechanisms of noise in a modern high bypass ratio turbofan engine, 
through aerodynamic and acoustic measurements. 
 
Podby et al [39] present measurements taken during testing of two 22 inch diameter turbofan models, 
in order to assess the differences between the two models. Laser Doppler Velocimetry (LDV) is used 
to measure the axial and tangential components of velocity. Results are presented for both the mean 
wake and tone noise, and the turbulent wake and broadband noise. The noise measurements referred to 
in this paper are those presented by Woodward et al in [46]. Of the results presented in these papers, 
only the turbulent wakes and broadband noise will be discussed. 
 
Podboy et al investigate experimentally two rotors, both of which produce approximately the same 
design pressure ratio, though one rotor operates at a 10% higher design speed. Woodward et al [46] 
indicate that the slower rotor investigated is representative of an early GE90 engine fan. The increase 
in shaft speed while maintaining pressure ratio is a similar situation to the shaft speed investigation 
described in Chapter   7. The results of the Podboy investigation are not presented to the level of detail 
as those of Ganz et al [16]. However, some similar findings are common to both reports. Podboy et al 
find that increasing the speed of a rotor increases the turbulence intensity, and reduces the thickness of 
the turbulent regions in the wake. This increase in turbulence intensity occurs more rapidly in the tip 
region than the blade wake, most likely due to the stronger tip vortex and the generation of turbulence 
near to the casing wall. Compared to the slower rotor, the rotor operating at the same pressure ratio but 
10% higher fan speed had thicker wakes, and less turbulent tip flows, due to the decreased turning 
required of the rotor blades (an introduction to basic fan performance theory, including rotor turning 
and velocity triangles, can be seen in Appendix D). However, at a given operating condition the two 
rotors generate comparable peak levels of circumferential turbulent velocity. The turbulence generated 
by the rotors diffuses and dissipates as it is convected downstream, although this is slower in the tip 
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near the wall boundary layer causing unsteadiness that becomes increasingly important as the wake 
flow convects downstream. 
 
The  acoustic  measurements  corresponding  to  the  Podboy  flow  measurements  are  presented  by 
Woodward et al [46]. Far field acoustic pressure spectra are presented for the two fans mentioned 
previously with three stator sets. These are: cut off radial (for the rotor BPF tone), cut on radial, and 
cut on swept. The test investigates the effect of changes in rotor tip design speed, unit area loading, tip 
clearance, and stator configuration. Woodward et al also include a rotor alone configuration in which 
no  stators  are  present,  in  order  to  assess  their  contribution  to  the  overall  noise  levels.  However, 
Woodward et al present their noise measurements in terms of Effective Perceived Noise Levels, and 
concentrate  the  results  on  changes  in  blade  passing  frequency  and  multiple  pure  tones.  Few 
conclusions  on  the  broadband  noise  are  presented.  Compared  to  the  rotor alone  configuration, 
inclusion of the cut on stator set (54 vanes) contributed approximately 5 EPNLdB to the measured 
broadband  noise.  The  cut on  stator  set  (26  vanes)  produced  less  broadband  noise  by  virtue  of 
containing fewer vanes. Broadband noise was reduced still further by sweeping the stators. The swept 
stator set produced the lowest noise levels, and although cut on, the benefits of stator sweep exceeded 
the tone noise penalty. 
 
Comparison of the noise data for the three stator sets shows that the perceived noise levels can be 
lower  for  a  particular  rotor  and  stator  combination,  even  though  tone  noise  does  not  decrease 
correspondingly. Sufficient reductions in broadband noise can control the EPNL levels. Woodward et 
al conclude that designing a rotor to operate at a higher tip speed with reduced unit area loading may 
significantly  reduce  overall  fan  stage  noise,  especially  at  subsonic  rotor  tip  speeds.  However,  as 
mentioned previously this conclusion is made based on the rotor tone noise sources and therefore 
cannot be directly applied to the results of the second parametric study of this thesis, presented in 
Chapter   7 which related to broadband noise. 
 
Recent  experimental  work  into  the  measurement  of  fan  stage  turbulence  and  its  associated  noise 
measurements has been carried by Jurdic et al [28], who compare the modelled and measured fan 
broadband noise on a low speed fan rig. Although this paper does provide some limited measured 
acoustic and aerodynamic results, this paper is discussed in the following Section 3.4, due to the 
inclusion of a modified version of the same broadband noise model in this thesis. 
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3.4.  Models for the prediction of fan broadband noise  
 
The downstream stators onto which a turbulent wake impinges have been modelled as a series of non 
interacting airfoils, and as a cascade where blade to blade interaction effects are included. Although 
the early rotor stator interaction models concentrated on using single airfoil theory (for example the 
work of Amiet [4] and [5]), the broadband noise model used in this thesis is a cascade noise model. 
 
3.4.1. Creation of the broadband noise cascade model – LINSUB code 
 
One of the first models to predict the response of a cascade to torsional vibration, incoming acoustic 
waves, or convected wake velocity perturbations, is that of Smith [43]. Smith has proposed a model 
that allows the calculation of the unsteady blade lift and moment, generated acoustic waves, and shed 
vorticity when a cascade of blades are subjected to bending or torsional vibrations, incoming acoustic 
waves,  or  convected  vortical  velocity  perturbations.  This  model  assumes  subsonic,  isentropic,  2 
dimensional flow over a cascade of flat plates of negligible thickness. It neglects viscous effects, 
assumes that all perturbations of the uniform mean flow are small, and that unsteady aerodynamics at 
any particular blade are duplicated at all other blades with a constant phase angle between adjacent 
blades. This model is found to be accurate at 0
o angle of attack, although accuracy breaks down when 
steady blade loading is introduced. Whitehead [45] expands upon the work of Smith, and presents a 
theory to predict the estimation of the vibration characteristics of real blades in addition to the acoustic 
response. Whitehead has produced the code LINSUB to predict these responses, which is a freely 
available Fortran code whose acoustic components are based on the Smith model. The LINSUB model 
is that chosen for use in the broadband noise parametric studies presented in this thesis (Chapters   5 to 
  7). 
 
3.4.2. Expansion of the cascade noise model   Cheong et al 
 
The LINSUB code was recently used by Cheong et al [11] to predict the sound power produced by a 
cascade.  A  critical  frequency  is  defined  in  which  cascade  effects  due  to  the  interaction  between 
neighbouring aerofoils are such that the unsteady blade loading between adjacent blades are correlated. 
Above the critical frequency the sound power is proportional to the number of blades and hence 
radiates incoherently. An analytic expression is derived for the acoustic power spectrum above the 
critical frequency. Agreement with the exact solution is found to be excellent. This sound power 
model  and  approximate  expression  are  discussed  further  in  Chapter    5.  In  the  broadband  noise 
investigations of this thesis the critical frequency is used to separate the predicted sound power into 
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frequency sound power. Cheong et al also performed a parametric study, investigating the effect of 
varying number of vanes, cascade solidity, Mach number and stagger angle. The parameteric study is 
extended in this thesis, investigating the effect of varying turbulence intensity and turbulence length 
scale, in addition to those parameters whose influence was investigated by Cheong et al. The results of 
this extended parametric study are presented in Chapter   6, and provide sound power scaling laws that 
allow predictions to be made of the changes in sound power due to changes in the cascade boundary 
conditions. 
 
3.4.3. Predictions using the cascade noise model   Jurdic et al 
 
Jurdic et al [28], present a comparison between predicted and measured fan broadband noise on a low 
speed fan. The broadband noise model is an extension of the 2 dimensional LINSUB model used by 
Cheong et al [11]. The incoming turbulent wake is decomposed into a mean wake profile, plus a 
random function to model the random turbulent fluctuations of the wake. The turbulence is assumed to 
be isotropic and homogenous, and requires the turbulence intensity and integral length scale as input 
parameters.  These  inputs  are  provided  by  both  CFD  RANS  computations,  and  experimental 
measurements. The experimental measurements were performed on a rig whose fan stage consists of a 
24 blade  rotor  and  a  16  vane  stator.  Cross wire  hot wire  probes  were  used  to  measure  the  flow 
velocity components in the rig inlet, and at two axial positions between the rotor and stator. As found 
by Ganz et al [16] and Podboy et al [39] the wake streamwise mean velocity is relatively constant in 
the  mid span  region,  however  small  variations  can  be  seen  in  the  hub  and  tip  regions.  The 
circumferential  and  radial  mean  velocity  components  are  of  much  lower  magnitude  than  the 
streamwise component. The circumferential turbulence intensity in the measured wake centreline is 
approximately 6% near the hub, 2% in the mid span region, and increasing to 10% near the tip. These 
values are similar to the measurements of Ganz et al, although large secondary flows in the hub region 
present in the DLR rig are not as observed in the results of Ganz et al [16], for which tip vortices are 
more apparent. Comparison of the measured and predicted acoustic power spectra show that the model 
under predicts the sound power by approximately 1.5dB. 
 
3.4.4. Extension of  the  cascade  model  to 3 dimensions     Lloyd and 
Peake 
 
Lloyd and Peake have extended the LINSUB code to 3 dimensions [31] to allow for oblique gusts. 
They consider the distortion of the rotor wake in the mean swirling flow downstream of the fan, and 
also  introduce  dissipative  effects.  This  paper  also  considers  the  interaction  of  this  gust  with  the 
downstream stator cascade. Stator lean and sweep effects are also included. The full 3 dimensional 
solution is obtained by mapping the 3 dimensional inputs to the 2 dimensional parameters of the Eugene P. Deane  EngD Thesis September 2009  35 
LINSUB code, and utilising strip theory. The final sound power spectra predicted by Lloyd and Peake 
is lower than that predicted by the 2 dimensional noise model. The inclusion of a 3 dimensional 
swirling  gust  striking  a  stator  vane  introduces  spanwise  cancellation  of  modes,  this  effect  is  not 
included in the 2 dimensional model. The 2 dimensional model assumes a normal incident gust that 
strikes  all  radial  strips  along  the  vane  simultaneously,  and  does  not  include  the  radial  mode 
cancellation, therefore over estimating the blade response. 
 
3.4.5. Effect of swirl, loading, and stagger angle on predicted cascade 
broadband noise   Atassi and Vinogradov 
 
Atassi and Vinogradov [9] present predictions of the aerodynamic and acoustic response of a three 
dimensional loaded annular cascade subject to impinging turbulence in a swirling flow. They state that 
3 dimensional effects and mean flow swirl change the physics of the scattering in three ways; by 
modifying the number of acoustic modes in the duct, by changing their mode shapes, and causing a 
significant amplitude and radial phase variation of the incident turbulence. Comparisons between four 
cases are presented to assess the effect on acoustic response of changes in flow swirl, loading etc. The 
first three cases have arbitrary cascade geometries and inflow conditions, however the fourth case 
models the geometry and inflow conditions of the Source Diagnostic Tests mentioned above.  
 
•  The first comparison is un swirled flow with 30 degree swirled flow. The inclusion of swirl 
increases the low frequency noise level by 3dB, reduces the noise of the mid frequency range 
by approximately 3dB, and the spectra converge at very high frequency. 
 
•  The second comparison is between an unloaded cascade with 30
0 stagger angle, and a loaded 
cascade providing mean flow turning, with 12
0 of stagger angle. The loaded cascade generates 
a higher noise level (approximately 3dB higher) at mid frequencies compared to the unloaded 
cascade, though at high frequencies the noise level of the loaded cascade drops below that of 
the unloaded cascade before they both come together again. 
 
•  Thirdly the Source Diagnostic Test geometry, which is subjected to radially varying blade 
loading,  is compared to a  loaded  cascade providing  mean  flow turning. The non uniform 
loading influences the acoustic power most in the mid frequency range, reducing the sound 
power by a maximum of 4dB.  
 
•  For the fourth case, the 3 dimensional code is compared with a 2 dimensional calculation for 
conditions at the mean radius of the cascade. The 2 dimensional code predicts higher sound 
power a low frequencies, and the 3 dimensional code predicts higher sound power at mid and 
high frequencies, though the differences between the two codes do not exceed 2dB at any 
frequency. In addition the fact that the spectra predicted by all cases converge at very high 
frequencies suggests that there is less dependence on geometry and inflow conditions at high 
frequencies. 
 
Finally, Atassi and Vinogradov perform a full 3 dimensional calculation for comparison with results 
of the Source Diagnostic Test for the low count stator set at approach, with data adjusted to give the 
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tests are comparable in magnitude to those measured by Ganz et al. Their 3 dimensional model over 
predicts the sound power at low and mid frequencies by approximately 2dB, which may be due to an 
error in the turbulence intensity input parameters. 
 
3.4.6. Effect  of  turbulence  model  on  predicted  broadband  noise    
Atassi and Logue 
 
Atassi and Logue [8] investigate the sensitivity of the broadband sound power prediction to different 
turbulence models. They state that at lower frequencies the difference between using the Liepmann 
and Von Karman models for the wavenumber spectra of turbulence velocity, is approximately 2dB. 
This  difference  reduces  to  less  than  1dB  at  higher  frequencies.  Atassi  and  Logue  conclude  this 
difference is not considered significant for the calculation of acoustic spectra. Atassi and Logue also 
find  that  the  sound  power  increases  with  Mach  number,  and  this  increase  is  more  rapid  at  high 
frequencies. Their results are in agreement with the results described in Chapter   6 of this thesis, 
however they do not specify a sound power scaling law. 
 
3.4.7. Effect  of  lean  and  sweep  on  cascade  broadband  noise,  an 
alternative parametric study – Glegg and Hanson 
 
Glegg [20] has also developed an analytical expression for the tone noise response of a 3 dimensional 
rectilinear cascade of blades with finite chord, excited by a harmonic 3 dimensional gust. Spanwise 
wave  numbers  and  cross  flow  effects  are  included.  The  expression  due  to  Glegg  computes  the 
unsteady  blade  loading,  acoustic  mode  amplitudes  and  sound  power.  The  blade  loadings  at  low 
frequencies are reduced by 3 dimensional effects, and non zero spanwise wave numbers reduce the 
acoustic radiation at high frequencies. There is no radiation when the phase speed of the harmonic gust 
along the leading edge is subsonic.  
 
Hanson [26] has extended Glegg’s single frequency solution to include a broadband turbulence input. 
Radial and blade to blade variations of turbulence statistics are treated along with lean and sweep of 
the cascade. A parameter study is performed that allows the analysis of sound power trends with Mach 
number, vane count, turbulence length scale and intensity, and lean and sweep. Hanson has found that 
the sound power increases approximately in proportion to the number of vanes. This linear increase 
with the number of vanes is also found for the upstream propagating sound power in Chapter   6.1.1, 
although downstream propagating sound power is found to increase with vanes at a slower rate, at 
approximately V
0.8, where V is the number of vanes. Hanson found that vane sweep eliminates tones, 
and provides broadband noise reduction over a wide range of frequencies. A noise reduction of 1.1dB 
is found for an angle of sweep of 30
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both  sweep  and  lean  provides  a  3.9dB  improvement.  The  effects  of  lean  and  sweep  cannot  be 
considered in the parametric studies of this thesis. Again, Hanson found that the sound power of the 
downstream spectrum increases approximately as the Mach number to the power of 5. This Mach 
number scaling power law is between the low and high frequency band sound power variations with 
Mach number discussed in this thesis (Chapter   6.2). 
 
The  beneficial  effects  of  lean  and  sweep  on  fan  noise  proposed  by  Hanson  were  also  found 
experimentally by Woodward et al [47]. Three stator sets were investigated; two radial stator sets at 
two axial positions, one stator set swept by 30
o, and one stator set swept and leaned by 30
o. It was 
found that improvements for a hypothetical aircraft and flight path would be approximately 3 EPNdB 
(Effective Perceived Noise in dB). Swept and leaned stators are preferable for reducing tone and 
broadband noise, compared to shifting the radial stator sets further downstream from the rotor. Moving 
the vanes may degrade aerodynamic performance, and increase the overall aircraft weight. Sweep is 
predicted by Hanson to be more beneficial at take off, and lean more beneficial at approach, and 
combining these should have overall benefits to the overall noise reduction. 
 
3.4.8. Use of RANS turbulence inputs   Nallasamy and Envia 
 
Nallasamy and Envia [37] present a broadband noise model that uses RANS computed rotor flow 
turbulence as an input to an analytic model of broadband rotor stator interaction. These are compared 
to measured results. Good agreement is found, demonstrating the validity of using simple integral flow 
parameters obtained from CFD to provide inputs to such models. A coupled structural/aerodynamic 
analysis system is used to compute the fan ‘running’ shape. A number of parameters are investigated 
including absolute mean flow Mach number, vane chord and number of vanes, and stagger angle. An 
unexpected result presented by Nallasamy and Envia is that the sound power varies as the number of 
vanes squared. This is not consistent with the results predicted by Hanson [26], or the parameter study 
performed in Section   6.1.1 of this report. Furthermore, evidence to support this finding is neither 
found in the Ganz study [16], nor explained by Nallasamy and Envia. 
 
3.5.  Fan Nozzle Area Effects 
 
Early jet aircraft were very noisy due to the high jet velocities of their exhausts. The introduction of 
high bypass ratio engines produced a large reduction in aircraft noise by moving a larger mass of air 
more slowly, thereby reducing the jet velocity. Further diameter increases may be incorporated in the 
future using either ultra high bypass engines, or alternatively engines with variable area nozzles. 
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Variable area nozzles are a technology that can influence many characteristics of the performance 
cycle of an aircraft engine, including specific fuel consumption, turbine entry temperature, and the 
rotational  speed  of  components  such  as  the  fan  and  compressor  stages.  While  performance 
considerations  are  likely  to  drive  the  use  of  a  variable  area  nozzle,  noise  benefits  may  also  be 
achievable due to changes in jet velocity and fan rotational speed. The final investigation presented in 
this thesis concerns the noise effects of variable area nozzles.  
 
Several experimental studies have recently been carried out considering the effects of further nozzle 
diameter increases. Two of these are based on the findings of the second entry (SDT2) Fan Broadband 
Source Diagnostic Test, carried out at NASA Glenn.  
 
3.5.1. Noise  benefits  of  increased  exhaust  nozzle  area     Woodward 
and Hughes 
 
Woodward and Hughes [48] consider the noise benefits of increased fan bypass nozzle area. Three 
nozzle areas are considered. The first is a nozzle whose diameter is chosen to provide maximum stage 
performance at cruise. The second is the baseline area +5.4% sized to simulate the performance at the 
stage design point conditions. The third is the baseline area +10.9%, whose diameter is chosen to 
provide the maximum weight flow with fixed nozzle at sea level conditions. The +5.4% nozzle area 
increase was found to provide a 2dB noise reduction at speeds up to cutback, and approximately 1dB 
reduction at higher shaft speeds. The larger +10.9% nozzle area provided a 3dB noise reduction at 
lower shaft speeds, 2dB at intermediate shaft speeds. However an increase in noise at higher shaft 
speeds was found, which was assumed to be due to degrading fan performance at the higher speeds. 
These noise reductions were observed at all measured sideline angles. Woodward, Hughes and Podboy 
[49]  further  analysed  the  effect  of  varying  nozzle  area  on  the  turbulent  rotor  wakes,  using  laser 
Doppler Velocimetry to provide flow measurements downstream of the rotor. They show that the total 
turbulent velocity decreases with increasing nozzle flow, postulating that this may explain the reduced 
rotor broadband noise.  
 
The reductions in fan noise described above due to increasing nozzle area demonstrate that an optimal 
nozzle area is achievable for different flight cases, as confirmed in the results shown in Chapter   9. 
This can be performed using a computational optimiser, and forms an ideal test case to evaluate the 
use of the engine noise model currently used by Rolls Royce as an optimiser for engine noise. 
 
Rig measurements are central to this thesis. Numerous sets of rig measurements are used to verify 
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area nozzle study. The preparation of these rig measurements for use in the subsequent Chapters of 
this thesis is discussed below. 
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A central theme of this thesis concerns rig noise and analysis. The following chapter is separated into 
two sections, 4a and 4b, describing two separate rig noise investigations of a measured rig noise 
dataset.  Both  investigations  described  within  this  chapter  make  use  of  proprietary  rig  noise 
measurements. Where necessary these measurements are described in Chapter 4 of Appendix X.  
 
Chapter 4a describes the various fan rig measurement positions, and how the individual noise sources 
are separated. These separated results are analysed to increase understanding of the individual fan 
noise sources. Both tone and broadband noise measurements in forward and rearward arcs are plotted 
against fan pressure ratio and mass flow on working line diagrams.  
 
Chapter 4b presents a statistical analysis of rig noise measurements from many rig datasets, and the 
relationship between rig measured fan broadband noise and flow and rig predictors is investigated.  
 
4. a   Preparation, processing and interpretation of rig 
measurements 
 
The first section 4.1 of the following chapter specifies the rig measurement positions. This is followed 
by a description of typical noise measurement results, and how they are separated into particular noise 
sources. As measurements are typically taken as decelerations along a working line, a procedure for 
interpolation along, and extrapolation between, working line measurements is developed.  
 
4.1.  Fan rig hardware and description of measurements 
 
The results of a number of rig noise measurement campaigns are used in this thesis. A number of 
modifications can be made to these fan rigs by varying both the architecture and performance in order 
to investigate the noise dependency on various engine parameters. 
 
The noise measurements for the inlet are taken in the far field, while bypass measurements are taken in 
duct. A schematic of the rig geometry used to perform these experimentations is seen below in Figure 
  4.1 1, with further detail found in Section 4.1, of Appendix X.  
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Figure   4.1 1   Test rig schematic, unrolled 
 
There  are  three  main  measurement  positions  in  the  bypass  duct  of  the  rig.  Two  mode ring  type 
microphone distributions are positioned downstream of the fan stage. The first of these is positioned 
close to the outlet guide vanes, upstream of any bypass duct liner. The second is further downstream, 
past any bypass duct liner, near the test section exit. A small linear array of microphones is also 
located at an equivalent avail position to the second mode ring. This linear array of microphones is 
arranged in parallel to the rig centre line, on the bypass duct outer wall. The measurement results 
shown in this public thesis document were taken from this axial measurement array. 
 
The fan rig tests whose results are used in this thesis generally measure acoustic data using two 
different methods. To measure noise data at steady state, the fan rig is run at a particular speed to meet 
a  specified  test  point.  After  allowing  shaft  speed  to  stabilise,  Sound  Pressure  Level  (SPL) 
measurements are taken both in the fan rig inlet and the bypass duct. The measurement locations used 
are indicated in the rig schematic shown in Figure   4.1 1. 
 
Alternatively, a fan shaft speed ‘decel’ (deceleration) is performed. In this situation the core nozzle 
exhaust area is maintained, while the bypass exhaust area is varied to allow a fan working line to be 
traced via a shaft speed deceleration. Shaft speeds are recorded in terms of ‘Engine Order’ EO via a 
tachometer attached to the fan, measuring revolutions per minute.  
 
Fan speed must be corrected for ambient temperature to allow comparison between measurements 
taken on different days. This correction is made using the following equation: 
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Where RPMc is the corrected RPM, Tref is the temperature of a standard ISO day (15
0 C), and T is the 
ambient temperature measured at the time of test. Frequency can then be calculated using Eq (  4.1 2) 
below 
 
A typical working line schematic can 
be  seen  in  Figure    4.1 2.  These 
working  lines  are  numbered  for 
identification,  with  working  line  1 
having the highest pressure ratio, and 
working  line  6  having  the  lowest 
pressure  ratio.  Working  line  6 
corresponds to the rig being run with 
the exhaust nozzle fully open. 
 
 
4.2.  Extraction of rig noise sources 
 
A number of fan rig sources are investigated throughout this thesis. These are defined below: 
 
•  Blade Passing Frequency – BPFs 1, 2, 3, and 4, are obtained by extracting the required noise 
measurement at engine orders that are multiples of the number of blades i.e. n times the 
number of blades, where n is the BPF order 1, 2, etc. 
 
•  ‘Buzz noise’ – This is calculated as the average SPL of engine order frequencies measured 
below the second blade passing frequency, corrected to remove the BPF 1 tone. The BPF 
tones have been removed by replacing the tone SPL value with the average of the SPL values 
to either side. 
 
•  Broadband  –  These  bands  are  termed  'BB’s'  in  this  thesis,  such  that  BBn  is  within  the 
frequency bandwidth: 
 
( ) nBPF f BPF n ≤ ≤ −1   Eq (4.2 3) 
where BPF is the blade passing frequency, f is the frequency, and n is the integer n=1, 2, 3, 4. These 
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Figure   4.1 2 – Plot of typical fan working lines  Eugene P. Deane  EngD Thesis September 2009  44 
frequency tones. Note that the engine order limits of these blade passing frequency regions are slightly 
offset from the BPF engine orders themselves, to avoid any contamination. The BB range engine order 
limits can be seen in Section 4.2, of Appendix X. 
 
The broadband regions (BBs) are calculated for each working line using the following procedure: Data 
is extracted from the rig measurements at every odd number of 0.5 engine order (0.5, 1.5, 2.5, etc.), to 
avoid  any  tones  being  present  at  integer  engine  order  values.  The  noise  measurements  are  then 
interpolated  between  adjacent  data  points  to  provide  new  values  for  each  integer  engine  order. 
Broadband values are then calculated as the average sound pressure level in the specified engine order 
ranges. 
 
The frequency ranges of these rig sources is defined below in Figure 4.2 1 for a typical shaft speed. 
 
 
Figure 4.2 1 – Definition of fan source frequency ranges 
 
The noise sources defined above are used in both the derivation of fan noise correlations described in 
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4.3.  Interpolation of noise measurements 
 
The noise sources specified above are deduced from measurements at each test point along a working 
line. A polynomial is then fit through this data to provide a smooth estimate of the noise data at all 
points along the working line. These working line polynomials are then extrapolated to estimate the 
noise between working lines. This creates a surface of noise versus pressure ratio and normalised mass 
flow which covers the measured data domain. A representative result of this procedure can be seen in 
section   4.4 below, for one noise source. The complete results for all noise sources are shown in 
Section 4.4 of Appendix X. Note that noise measurements were not extrapolated beyond the measured 
limits of working lines 1 and 6, as these working lines are near the surge and stall limits of the fan. 
Any extrapolation of noise sources into these regions would be unreliable. 
 
4.4.  Variation of Engine 2 rig noise sources with pressure ratio 
and normalised mass flow 
 
This section presents a typical plot of a rig noise source chosen from those listed and defined above in 
Figure 4.2 1. This style of visualisation is not in common use. The noise source chosen is broadband 
noise in the rearward arc, plotted versus pressure ratio and normalised mass flow. Presentation of the 
noise measurements in this manner allows insight to be gained in how each fan rig noise source varies 
with pressure ratio and normalised mass flow. It should be noted that during rig tests the core exhaust 
area and therefore blockage is maintained constant. This blockage effect does not occur in the same 
way for the fan stage of a real engine, though the difference does not have a large effect on the 
measured noise results. 
 
4.4.1. Broadband noise – Rearward Arc 
 
The representative fan noise source considered here is the broadband noise propagating in the rear arc, 
i.e.  measured  downstream  of  the  OGVs.  This  can  be  seen  in  Figure  4.4.1 1,  with  the  measured 
broadband noise being averaged over BBs 1, 2, 3, and 4. These measurements were taken from the 
axial measurement array, whose location is shown in Figure 4.1 1. Eugene P. Deane  EngD Thesis September 2009  46 
 
Figure 4.4.1 1– Broadband Noise, Rearward arc, SPL 
 
Rear arc broadband noise is typically higher than that propagating in the forward arc. This may be due 
to a combination of the effects of rotor blockage and convective amplification. Figure 4.4.1 1 indicates 
that to reduce broadband noise in the rear arc, shaft speed must be reduced to a lower pressure ratio 
position on the working lines. 
 
4.4.2. Rig data presentation summary 
 
As mentioned previously, the complete results of the above section   4.4 can be seen in Chapter 4a, 
section 4.4 of Appendix X. The rig measured SPL data presented above will later be used in the 
prediction of rig noise level changes in the study on the use of Variable Area Nozzles of Chapters   8 
and   9. In general, reducing pressure ratio at a fixed mass flow will reduce most of the noise sources 
under investigation. Noise is also found to reduce as the performance point moves down a working 
line, as fan speed is reduced. 
 
Chapter  4b  now  describes  a  statistical  analysis  of  the  rig  noise  measurement  database,  deriving 
regression correlation equations base on the relationships between noise measurements and fan rig 
flow and performance predictors. 
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4.  b  Creation  of  correlations  to  predict  rig  broadband 
noise 
 
Chapter 4b discusses the results of an investigation into a large dataset of experimentally measured 
noise data from a fan rig. There are two aims for this investigation.  
 
4.5.  Aims  of  statistical  analysis  of  rig  noise  measurement 
database 
 
The  first  aim  is  to  gain  a  greater  physical  understanding  of  fan  broadband  noise  generating 
mechanisms by investigating the relationships between the experimentally measured noise data and 
the corresponding aerodynamic and fan rig performance data. Note that nearly all of this aerodynamic 
and performance data is estimated from a simple ‘throughflow’ code. The objective is to determine the 
important parameters on which fan broadband noise is mostly correlated, which could include for 
example fan pressure ratio, and mass flow. 
 
Initially,  the  second  aim  of  this  investigation  was  to  derive  noise  prediction  equations  that 
incorporated  more  physics  of  the  broadband  noise  generation  mechanisms  compared  to  the  very 
simple  equations  currently  used  within the  noise  model
2.  Unfortunately,  for reasons  explained  in 
Section   4.11 below, this was found not to be possible with the data sets available. Instead, simple 
linear regression equations are derived from the noise data using Least Squares analysis, whose aim is 
to fit the noise data by linear equations involving the statistically important parameters. The resulting 




i j i j a p PWL ,   Eq (  4.5 1) 
where PWLj is the sound power level (dB) in a specified frequency bandwidth, with the subscript j 
denoting the j
th fan speed. The predictor variable is pi,j, with the predictor number denoted by i. The 
summation  is  over  the  number  of  predictors  in  the  regression  equation,  N.  Finally,  ai  is  the 
dimensional weighting coefficient for the i
th predictor. 
 
Note that the predictor p can be a physical flow, or performance, parameter, such as fan Pressure Ratio 
or fan efficiency. Alternatively, p can be a non physical index (1, 2, 3, etc), accounting for a change in 
                                                 
2 In this chapter the term ‘noise model’ is used for a total engine and aircraft noise prediction model. Eugene P. Deane  EngD Thesis September 2009  48 
a covariate
3, such as, for example, designating whether the fan blade is of Engine 2, Engine 3, or 
Engine 5 form. The covariates present within this analysis are discussed further below. It is important 
to note also that no attempt is made to ascertain the power law of the parameter under investigation. 
Therefore all parameters in Eq (  4.5 1) will be assumed to affect broadband noise levels linearly. 
 
Eq (  4.5 1) can be rewritten in Matrix form as:  
a P w =   Eq (  4.5 2) 
The elements of w contain the set of J pre processed broadband sound powers (PWL dB) for a specific 
frequency band. The j
th term represents the j
th shaft speed at which the noise measurement was taken.  
 
The  matrix  P  is  the  N J×  predictor  matrix  made  up  of  the  N  independent  predictor  variables 
(including flow, performance and covariate predictors), at each shaft speed. Each of the predictors 
under  investigation  at  different  speeds  forms  one  column  of  the  matrix.  These  shaft  speeds  are 
matched to those of the measured noise data for an equivalent performance point on the fan rig. The 
predictor matrix and measured noise vector therefore include both noise and performance data for all 
available performance points. A representative example of these three matrices is displayed in Eq 
(  4.5 3) below. 
 
where PWLn denotes the measured sound power in the n
th frequency band (n=1,2,3,4) of interest, and 
1 , 1 j P is predictor 1 at the first fan speed j1, 
4 , 2 j P is predictor 2 at the fourth fan speed j4 etc. In Eq (  4.5 3) 
the vector a is the vector of regression coefficients of length N. The derivation of the optimal values 
that minimise a0 is the target of this regression study. The vector a0 is derived using Least squares 
analysis, as described in the following section. 
 
                                                 
3 A covariate is a factor that is a feature of the rig, and should be taken into account in the analysis. It is a 
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4.6.  Statistical  tools  used  to  create  rig  broadband  noise 
correlations 
 
This section introduces the statistical approaches used in this chapter to investigate the experimentally 
measured  rig  noise  dataset.  These  tools  allow  an  increased  understanding  of  the  physics  of  the 
broadband  noise  generating  mechanisms  in  the  rig  noise  dataset.  They  also  produce  the  linear 
regression equations, of the form of Eq (  4.5 1), to predict the measured fan broadband noise. The 
software used to perform the statistical analyses presented in this chapter was Minitab
4. 
 
4.6.1. Least squares Analysis 
 
In this investigation Principle Component Analysis and Cluster Analysis are used to reduce the large 
number  of  predictors  P  initially  present,  to  a  set  of  N  independent  predictors.  This  procedure  is 
described in sections   4.6.2 and   4.6.3. However, Least Squares regression is used to derive the final 
regression equations using these N predictors and is introduced below. The final regression equations 
take  the  form  of  Eq  (  4.5 1).  These  regression  equations  form  individual  linear  equations  for  the 
prediction of broadband noise, for each broadband region n in either the forward or rear arcs, and can 
be applied irrespective of fan type, working line, etc. 
 
Prediction equations of the form of Eq (  4.5 1) are derived to fit the large data set in a least squares 
sense. The difference between the observed value, and the predicted or fitted value, is called the 
residual, denoted by r in Eq (  4.6.1 1) below: 
where PWLexp is the experimentally measured sound power level, and PWLpred is the predicted sound 
power level obtained from Eq (  4.5 1). Least squares analysis calculates a regression equation through 
the data points so that the sum of the squares of the distances of those points from the regression line 
of Eq (  4.5 1) is minimised, i.e. the procedure aims to minimise∑
2
r . The derivation of least squares 
regression is presented in Appendix H 1. The final result is shown below in Eq (  4.6.1 2). 
 
Provided that the inverse of  P P
T  exists (the matrix determinant of  P P
T  is non zero), the solution of 
a0 is given by: 




=   Eq (  4.6.1 2) 
                                                 
4 www.minitab.com 
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This procedure can be repeated to produce a regression equation for any broadband noise bandwidth, 
in either the forward or rear arcs. 
 
Consideration of the magnitude of residuals is important for quantifying the ‘goodness of fit’ of the 
regression equation to the data. Residuals and their analysis in this investigation are considered in 
greater detail in Section   4.9.3.3. 
 
However, before considering the residuals of the final regression equations, Sections   4.6.2 and   4.6.3 
will discuss the other statistical techniques used in this investigation for interpreting the broadband 
noise data, starting with Principle Component Analysis. 
 
4.6.2. Principle Component Analysis 
 
Principle Component Analysis is used in this study to reduce the large predictor set (Matrix P in Eq 
(  4.5 2)) presented at the start of the analysis, by extracting the most important underlying behavioural 
‘structures’ within the predictor data set. Each of these structures’ is a component of the overall 
behaviour. Separation and ordering of the most important behavioural components allows a smaller 
subset of predictors to be chosen that account for the maximum predictor variance using the minimum 
number of components. 
 
Principal Component Analysis may be applied to either a correlation matrix (i.e. with elements that are 
normalised) or a covariance matrix to identify how predictors vary statistically in relation to each other. 
For this study the correlation matrix is used to assess which predictors are correlated and which are 
statistically independent.  
 
The correlation matrix C has elements cm,n given by 
where Pj,m and Pj,n denote any two predictors m and n, at speed j, and 
m P σ and 
n P σ are the standard 
deviations of the predictor vectors Pm and Pn respectively. The standard deviation is calculated using 
Eq (  4.6.2 2): 
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The  vector  representing  a  predictor  P  can  be  decomposed  into  the  summation  of  statistically 
independent predictors Qi, and their amplitudes Vi. This can be written as: 
or in matrix notation as 
If P is normalised by subtracting the mean P  and dividing by the standard deviation P σ , then the 
correlation matrix, whose elements are given by Eq (  4.6.2 1), can also be written as 
As only the new predictor terms Q are stochastic quantities, Eq (  4.6.2 5) can be rewritten 
Then Eq (  4.6.2 6) may be written in the form 
T V L V C = , where V is the eigenvector matrix, and 
[ ]
T QQ L Ε =  is the matrix of eigenvalues. The eigenvectors and eigenvalues of C form the basis of 
Principle Component Analysis.  
 
The  eigenvector  with  the  largest  eigenvalue  accounts  for  the  largest  proportion  of  variance  (data 
dispersion) in the predictor dataset, and is therefore the Principle Component. The eigenvector with 
the second highest eigenvalue accounts for the second largest proportion of data variance (second 
principle component), etc. The large initial dataset of this broadband noise investigation can therefore 
be reduced by ignoring the principle components of the smallest eigenvalues. Information is lost, 
however, if the eigenvalues are small then the amount of variance in the data set unaccounted for is 
also small. The decision of where to limit the data set is determined arbitrarily. In this investigation, 
use is made of Scree Plots (eigenvalue plots) to identify the number of principle components N to 
include in the final data set. This will be discussed later in Section   4.9.3.1. An example of a Scree plot 
can be seen as Figure   4.9.3.1 1. 
 
The principle components are in essence linear combinations of the original predictors that account for 
the individual uncorrelated behavioural trends of the dataset. The eigenvectors are the ‘weights’ for 
each standardized predictor variable used to calculate the principle components, with each eigenvector 
N N N N N N
N N
N N
Q V Q V Q V P
Q V Q V Q V P
Q V Q V Q V P
, 2 2 , 1 1 ,
, 2 2 2 , 2 1 1 , 2 2
, 1 2 2 , 1 1 1 , 1 1
+ + + =
+ + + =
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indicating the orientation of the respective principle component behaviour in the data set. In matrix 
form this is given by: 
in a similar form to Eq (  4.6.2 4), where Z is the matrix of principle components, P
~
 is the standardised 
predictor matrix P, and U is the matrix of eigenvectors. 
 
Each  individual  principle  component  represents  a  statistically  uncorrelated  ‘variable’  within  the 
dataset, which may or may not correspond directly to the original physical predictors. A principle 
component in this study may be simply shaft speed, which can be included directly as a predictor, or 
could be a factor based on the characteristics of the rotor wake. This is a more complicated example, 
the modelling of which could be a function of such variables as rotor loss, flow whirl angle, rotor 
separation characteristics, or rotor efficiency. Unfortunately, Principle Component Analysis does not 
indentify  which  predictors  are  included  in  each  ‘component’  group,  or  which  combination  of 
predictors could be used to accurately model the desired behavioural trend. This may be remedied for 
future tests by  designing  an  experiment  that  isolates  the  underlying behaviours  during  testing, by 
varying the combinations of uncorrelated predictors in such a way that each variation in a principle 
component can be measured individually. This would allow each principle component to be quantified 
as a function of several predictors. Inclusion of the principle components would help provide the 
physically based equations of broadband noise initially desired from this investigation. The use of 
designed experiments to provide further information on fan rig measured broadband noise is discussed 
further in Section   4.11. 
 
However, as the current data set was measured by varying only shaft speed and throttle, this detailed 
information cannot be extracted from the current dataset. Therefore, in this investigation it is assumed 
that the variance in the predictor dataset, due to the underlying behaviour of the information contained 
within C, captured by each of the N uncorrelated principle components in U, may be encapsulated as 
much as possible by defining N uncorrelated groups of collinear (i.e. correlated) predictors. The aim is 
to capture as much as possible the effect of the underlying behaviour on the predictor dataset. This 
procedure has the advantage of providing insight into the physical reasons behind the collinearity of 
the  different  groupings  (clusters)  of  predictors.  Such  knowledge  would  contribute  to  any  future 
designed experiment by identifying individual predictors that could be modified to provide the desired 
behavioural change. As each of these uncorrelated groupings is formed of collinear predictors, every 
grouping can be reduced to a single representative predictor taken from the cluster. In order to identify 
collinear predictors and arrange these into N corresponding groupings, Cluster Analysis is used. This 
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4.6.3. Cluster Analysis 
 
Cluster analysis classifies the individual predictors into a number of different statistically correlated 
sets called ‘clusters’. The number of clusters N to be formed is defined by using Principle Component 
Analysis, described above. 
 
Predictors to be grouped into a single cluster are compared in terms of their ‘distance’. A ‘correlation 
distance matrix’ D is created, whose components dm,n are calculated from 
where cm,n is the correlation coefficient between any two predictors Pm and Pn, calculated using Eq 
(  4.6.2 1) above. ‘Distances’ dm,n are therefore between 0 and 1 for positive correlations, and between 1 
and 2 for negative correlations. This means that negatively correlated data are considered further apart 
than positively correlated data. The correlation distance matrix D is used to store these correlation 
coefficients for calculation of the ‘linkage method’ and ‘similarity’ between predictors and clusters, as 
explained below. 
 
The  cluster  amalgamation  procedure  begins  with  all  predictors  assumed  to  be  uncorrelated.  The 
method of clustering is called ‘linkage’. For this investigation, weighted average linkage, also called 
‘McQuitty’s method’, is used. This method calculates the average of the distances of two clusters 
which are about to be joined to form another cluster. Consider for example four clusters, each of 
which initially contains a single predictor, labelled 1, 2, 3, and 4. The objective is to amalgamate these 
clusters using the above weighted average linkage method.  
 
Assuming clusters 1 and 2 are highly correlated, their ‘distance’ defined using Eq (  4.6.3 1) is very 
small, and they form a new cluster which can be labelled 1
*. The next amalgamation step can form a 
new cluster from three possibilities; grouping clusters 3 and 4, or joining cluster 3 to cluster 1
*, or 
cluster 4 to cluster 1
*. 
 
The distance between clusters 3 and 4 can be calculated using Eq (  4.6.3 1) as before. However, the 
distance between cluster 3 and cluster 1
* is calculated as the average of the distances between cluster 1 
to cluster 3, and cluster 2 to cluster 3. Likewise for considering cluster 4 and cluster 1
*. This procedure 
can be written as Eq (  4.6.3 2) below:  
where  dm  and  dn  denotes  the  distance  between  any  two  clusters,  and  dk  denotes  the  resulting 
amalgamated distance. Therefore as the clustering progresses and more groupings are formed, the 
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amalgamation distance depends on a combination of predictors rather than individual predictors within 
a cluster.  
 
The number of clusters to be formed can be specified in two ways. The first is by indicating the final 
number of clusters directly. The second is by specifying the ‘similarity’ limit below which two clusters 
are not amalgamated. The similarity Smn between two clusters m and n is calculated using Eq (  4.6.3 3) 
below 
where dmax is the maximum distance in the distance matrix D. This ‘similarity’ limit is applied during 
the formation of the clusters.  
 
In this investigation the linking of predictors continues until the specified final number of N clusters 
has been formed, with N having been determined using Principle Component Analysis. We assume 
that each of the final clusters is a group of statistically correlated (collinear) variables, and that the 
final clusters are sufficiently statistically uncorrelated with each other. Each cluster therefore attempts 
to incorporate as much as possible the effect of a principle component of the previous analysis. 
 
Section   4.6.1 above has introduced the procedure used in this investigation to calculate a0, the vector 
of N predictor coefficients. However, before these techniques can be applied, the vector w containing 
the sound power measurements and the matrix P of predictors must be formed. The following section 
describes how these matrices are formed from the available predictor and measurement datasets. 
 
4.7.   Formation of noise and predictor data sets 
 
As  mentioned  above  the  flow  and  performance  variables  associated  with  a  particular  noise 
measurement are calculated using a simple through flow code. Some flow parameters take single 
values, such as efficiency or pressure ratio, while others are presented as a radial profile whose values 
vary as a function of radius, such as flow Mach number or flow angle. In these cases the parameter 
under investigation is represented by its value at the representative spanwise position of 10%, 50%, 
and 95% of the blade span. 
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Predictor Variable Name Predictor Code Single or Radial Values
Fan shaft speed Shaft Speed RPM Single
Total rotor mass flow Rotor mass flow   Single
Rotor total pressure ratio Rotor PR Single
OGV total pressure ratio OGV PR Single
ESS total pressure ratio ESS PR Single
Total rotor efficiency Rotor Eff Single
Total OGV efficiency OGV Eff Single
Total ESS efficiency ESS Eff Single
Rotor flow Mach number Rotor M 10% 50% 95%
OGV flow Mach number OGV M 10% 50% 95%
ESS flow Mach number ESS M 10% 50% 95%
Rotor outlet flow whirl angle Rotor WHIRL 10% 50% 95%
OGV inlet flow whirl angle OGV WHIRL 10% 50% 95%
ESS inlet flow whirl angle ESS WHIRL 10% 50% 95%
Rotor diffusion factor Rotor Diff Fact 10% 50% 95%
OGV diffusion factor OGV Diff Fact 10% 50% 95%
ESS diffusion factor ESS Diff Fact 10% 50% 95%
Rotor pressure loss coefficient Rotor PLC 10% 50% 95%
ESS pressure loss coefficient ESS PLC 10% 50% 95%  
Table 3 – Flow and performance predictors included in this investigation 
 
Most of these predictors are non dimensional, with the exception of rotor mass flow (kgs/sec), and the 
whirl angle predictors (degrees). In addition to the predictors listed in the table above, a number of 
covariates are available for inclusion in the correlation equations. As mentioned previously, covariates 
are features of the rig architecture that should be taken into account in the analysis, such as liner type, 
blade type, and on which fan working line the experiment is made. The effect of these parameters on 
noise and flow is often complicated. Differences between individual covariates of a specific type, such 
as rig liner types, or fan blades, are often complex and subtle. For example, small differences in blade 
geometry  could  affect  the  position  of  flow  transition  over  the  fan  blades.  Some  of  these  subtle 
differences cannot be parameterised from the data sets available. Differences between covariates can 
therefore  only  be  included  in  this  study  by  recognising  their  existence.  Therefore  many  of  the 
covariates listed Table 2, Section 4.7 of Appendix X are indexed to indicate which ‘version’ of the 
covariate is present for each experimental data set. For example, if the case liner was present during a 
test, then the case liner parameter ‘p’ is assigned the index ‘1’, if the case liner were removed for a test 
then the case liner index is assigned ‘2’. A complete list of the covariates included in this investigation, 
along with a key associating an index with each covariate, can be seen in Table 2 of Appendix X 
 
Rear arc  measurements of  the  pressure  spectrum  are  taken from  the  bypass duct.  Rear arc  sound 
pressure level measurements (SPL dB) are converted into sound power levels using the relationship 
derived by Joseph et al [27]. Measurements of acoustic power in the forward arc are made using a 
semi circular array located 18.3m from the inlet. 
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When performing the final least squares analysis to form the regression equation, it is desirable to 
keep some data in reserve to use as a test case for the final derived regression equations. This data 
must not be used when deriving the correlation equation; including the additional variance of the test 
cases will mean their objectivity is compromised. Two test cases were reserved. The test cases chosen 
to be reserved during this study are the results of the Engine 3 fan on working line 5, and the Engine 5 
fan with a conventional liner on working line 3. 
 
One of the main difficulties with deriving linear regression equations from the noise data is that flow 
and performance variables may be strongly collinear, i.e. they may be strongly statistically correlated. 
For example, as fan speed increases many of the flow, performance, and noise parameters increase 
proportionally.  The  techniques  described  above,  namely  Principle  Component  Analysis,  Cluster 
Analysis, and Least Squares regression, are used to reduce the number of collinear variables and hence 
derive noise prediction correlations in terms of the important independent parameters. Two sets of 
correlation  equations  of  the  form  of  Eq  (  4.5 1)  are  derived.  The  first  consists  only  of  flow  and 
performance  parameters;  the  second  also  includes  the  covariate  parameters  listed  in  Table  2  of 
Appendix X. 
 
The procedure used to produce the final regression equations can be summarised as follows: 
 
1.  Rig measurements are pre processed. The measured sound pressure level is converted into 
sound power levels, and the broadband noise calculated in defined frequency bands, for each 
measured shaft speed 
 
2.  Experimentally  measured  broadband  noise  levels  are  matched  to  calculated  flow  and 
performance  parameters  to  form  complete  sets  of  data  for  the  equivalent  shat  speed 
performance points 
 
3.  Principle Component Analysis (Section   4.6.2) is used to identify the minimum number of 
predictors required to explain the maximum amount of measured noise variation. The results 
of this analysis suggest that the number of predictors N that the data set can be reduced to, 
thereby limiting the redundancy of the collinear predictors 
 
4.  Cluster Analysis (Section   4.6.3) is used to rearrange the predictors into a number of ‘families’, 
based on the finding of Principle Component Analysis. This allows the identification of the 
reduced predictors used in the final regression equation 
 
5.  Finally regression equations are obtained to provide a fit between the predictors and response 
variables using Least squares analysis (Section   4.6.1) 
 
The following section is a description of the rig noise measurement preparation carried out during this 
investigation, commencing with a description of how the rig measurements were pre processed into 
the vector of noise data, w. 
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4.8.  Rig measurement pre processing 
 
This  section  describes  the  pre processing  procedure  applied  to  the  rig  measured  noise  data,  in 
preparation for the procedure that will determine the parameters which are statistically important for 
fan broadband noise. We consider first the removal of the blade passing frequency tones. 
 
4.8.1. Removal of BPF tones 
 
A  typical  sound  pressure  level  spectrum  measured  in  an  aero engine  duct  is  characterised  by  a 
broadband spectrum superimposed on a number of tones. An example of this can be seen in Figure 
4.8.1 1 of Appendix X.  
 
The largest tones occur at the blade passing frequency, and its harmonics. In this investigation the BPF 
tones are removed by simply deleting them and replacing their SPL values by the broadband levels in 
the frequency bins immediately adjacent.  
 
Numerous tones remain at the higher shaft speeds. These are Buzz Saw Tones, so called because they 
sound like a chain or buzz saw. This noise signature is the buzz signature which has a tone at every 
integer EO. 
 
Due to the difficulty in identifying the broadband noise floor amongst the buzz saw tones the spectra 
used for the correlation analysis were restricted to shaft speeds below that at which the buzz saw noise 
appears, this cut off speed is given in Section 4.8.1 of Appendix X. 
 
The objective of this study is not to predict the spectral shape of fan broadband noise but instead to 
estimate the broadband sound power level in specified frequency bands, according to Eq (  4.5 1). As 
mentioned previously in Section   4.2 these bands are termed BB’s in this thesis, such that BBn is the 
frequency bandwidth defined in Eq (4.2 3). 
 
There  are,  however,  several  unavoidable  problems  with  this  choice  of  frequency  bandwidth  for 
comparing the results from different fans. The first is that the EO ranges for each rig and working line 
are not equal since the blade passing frequencies are different for each fan. A common range of EOs 
for all cases cannot therefore be defined. A BB bandwidth on one fan may overlap the BPF locations 
of another fan. Therefore, all of the EO ranges defined, while generally overlapping, are individual to 
the specific experimental case. 
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4.8.2. Converting from Sound Pressure Level (SPL) to Sound Power 
Level (PWL) 
 
As the regression analysis is based on sound power it is necessary to convert the sound pressure level 
measurements made in the rig to sound power. The theoretical basis and assumptions used for making 
this conversion are outlined in reference [27]. Only the main assumptions and equations used are 
presented here. 
 
The approach predicts the relationship between sound power and pressure based on the assumption 
that the duct is infinite and hard walled, and then the overall sound power is shared equally amongst 
the cut on modes, propagating in a uniform mean flow. 
 
The total transmitted sound power in a duct can be estimated from the mean square pressure at the 











=   Eq (  4.8.2 1) 
S is the duct cross section, ρ is the mean density, and c is the speed of sound and  RMS P denotes the root 
mean squared sound pressure measured at the duct wall.  s β  is a non dimensional constant, which for 
high ka (non dimensionalised wave number) is given by: 
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PWL 10 log 10   Eq (  4.8.2 3) 
with 
12 10
− = ref W  watts. 
 
4.9.  Statistical Analysis of the Fan Broadband Noise Data 
 
This section describes the application of the various statistical techniques that are used in this analysis 
to the spectral data. The analysis was performed using the commercial software package ‘Minitab’. An 
example case is described, with selected illustrative results being shown. The test case chosen is the 
BB1  broadband noise region  in both  the  forward  and  rearward  arcs,  with  and  without covariates 
included. 
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To commence, some definitions are presented in order to understand the presentation of results. 
 
4.9.1. P value and α level 
 
The most important statistic to consider in this investigation is the probability, in this thesis termed the 
‘p value’,  of  whether  to  reject  the  null hypothesis  in  a  hypothesis  test.  An  hypothesis  test  is  a 
procedure that evaluates which of two mutually exclusive statements about a population is likely to be 
true. The two statements are called the null hypothesis and the alternate hypothesis. 
 
In terms of this investigation, an example of the null hypothesis is ‘BB1 does not correlate with fan 
efficiency’. If the p value were to fall below the α level, then this hypothesis would be rejected in 
favour of the alternate hypothesis that ‘BB1 does correlate with fan efficiency’. 
 
The α level is a user defined cut off point, which is the maximum acceptable risk of rejecting a true 
null  hypothesis  (called  a  type 1  error).  This  is  also  called  the  level  of  significance.  During  this 
investigation the α level is set equal to 0.05, so that the chance of finding an effect that does not exist 
is 5%. With a small α level there is less possibility of rejecting the null hypothesis by mistake, though 
this also means a decreased chance of detecting an effect if one truly exists. 
 
4.9.1.1.  A note on Statistical Significance 
 
A sample statistic is statistically significant if a hypothesis test proves it to be too unlikely to have 
occurred  by  chance.  In  other  words  the  statistic  is  probably  true,  and  is  said  to  have  ‘statistical 
significance’. This does not mean that the effect is important, according to everyday use of the word 
significant. The p value assesses statistical significance. 
 




2 (also R sq) values shown in the results below define the percentage of the response variables 
that are explained by their relationship to one or more predictors. In this investigation R
2 values are 
used to estimate how well the final regression equations fit the measured data and predict the test cases 
not included in the analysis. If the model were to explain 100% of the response variance then the R
2 
value would be equal to 1. 
 
The following section describes the application of Principle Component Analysis, Cluster Analysis, 
and Least squares Analysis to the pre processed data set. Selected results for BB1 in the forward and 
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4.9.3. Application  of  statistical  analysis  tools  to  the  fan  noise  and 
predictor database 
 
As mentioned previously the fan noise predictors used in this analysis exhibit high levels of multi 
collinearity.  This  means  that  some  predictors  P  are  correlated  with  other  predictors,  making 
meaningful analysis difficult. This section describes the application of the procedures used to remove 
the influence of multi collinearity when deriving the broadband noise correlations. 
 
There are two solutions to solving the problem of multi collinearity. The first is to simply remove 
highly  correlated  parameters  from  the  model.  The  highly  correlated  predictors  provide  redundant 
information; therefore their removal does not greatly affect the residuals of the final predictive model 
of Eq (  4.5 1). Another approach is to use Principle Component Analysis (PCA). As described above in 
Section    4.6.2  this  approach  reduces  the  number  of  predictors  to  a  smaller  set  of  statistically 
uncorrelated  components.  Principle  Component  Analysis  allows  the  estimation  of  the  number  of 
uncorrelated parameters N by accounting for the maximum proportion of variance (dispersion within 
the dataset) with the fewest number of principle components. Cluster Analysis is then used to separate 
the complete predictor set into the suggested number N of uncorrelated parameter families, to identify 
which predictors can be used in a broadband noise prediction equation. Finally, Least Squares analysis 
is performed to generate best fit prediction equations using the chosen predictors. The output of the 
Least Squares analysis is the regression equation Eq (  4.5 1).  
 
The results of each of these three techniques are discussed further below, with typical results presented 
for the prediction of BB1 in the forward and rearward arc. This analysis can also be performed on the 
other broadband noise regions, in both forward and rearward arcs. However, similar findings are made 
and therefore these results are not shown in this thesis. 
 
4.9.3.1.  Principle Component Analysis 
 
As described in Section   4.6.2, Principle Component Analysis is used to reduce a large number of 
collinear predictors into a smaller number of uncorrelated predictors. A graphical representation of the 
Principle Component Analysis results for deciding the significant number of factors in this analysis is 
the Scree Plot, an example of which is shown below in Figure   4.9.3.1 1, for BB1 noise measured in 
the rear arc. A Scree Plot is a plot of the eigenvalues of the Principle Components (Eq (  4.6.2 6)) in 
descending order versus the component number. Eugene P. Deane  EngD Thesis September 2009  61 
 
Figure   4.9.3.1-1   Scree plot for BB1 in the rear arc 
 
The eigenvalues are also plotted in Table 4 below, which tabulates the eigenvalue, proportion of 
variance,  and  cumulative  variance  accounted  for  by  each  factor  group.  ‘Proportion  of  variance’ 
explained by the k
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  Eq (  4.9.3.1 1) 
with Lk,k being the k
th eigenvalue, and M the total number of principle components. The ‘cumulative 
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Eigenvalue 20.696 9.858 6.792 4.158 1.216 0.561 0.240 0.197 0.084
Proportion 0.470 0.224 0.154 0.094 0.028 0.013 0.005 0.004 0.002
Cumulative 0.470 0.694 0.849 0.943 0.971 0.984 0.989 0.994 0.996
Eigenvalue 0.044 0.043 0.031 0.023 0.015 0.013 0.007 0.006 0.004
Proportion 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000
Cumulative 0.997 0.998 0.998 0.999 0.999 0.999 1.000 1.000 1.000  
Table 4 – Principle Component Analysis for BB1 in the rear arc 
 
The sum of the eigenvalues equals the number of predictors included in the analysis, with the first 
eigenvalue accounting for the variance of approximately 20.696 ‘predictors’. A number of different 
approaches to deciding on how many principle components are required. The first approach is to apply 
the  ‘Kaiser  Criterion’,  which  states  that  only  components  with  an  eigenvalue  above  1  should  be 
retained. This is equivalent to stating that unless a factor extracts at least as much as the equivalent of 
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second approach is simply to retain the number of components up to the start of the horizontal portion 
of the Scree plot. From Figure   4.9.3.1 1 above this is approximately 7. 
 
The number of factors N to be investigated using Cluster Analysis for broadband noise region 1 in the 
rear arc, without covariates, is therefore 5 and 7. An equivalent analysis carried out on broadband 
noise region 1 in the forward arc, including covariates, suggests the use of 9 predictors. 
 
4.9.3.2.  Cluster Analysis 
 
As described in Section   4.6.3, Cluster Analysis classifies variables into different sets of statistically 
correlated  predictors.  The  number  of  clusters  to  be  formed  has  been  determined  by  Principle 
Component Analysis as 5 for BB1 in the rear arc without covariates, and 9 for BB1 in the forward arc 
including covariates. It is assumed that the variance in the predictor dataset due to the underlying 
behaviour  captured  by  each  of  the  N  uncorrelated  principle  components  may  be  encapsulated  by 
defining  N  uncorrelated  groups  of  collinear  predictors.  Principle  Component  Analysis  does  not 
indicate which predictors are used to form the required components. It is therefore necessary to apply 
Cluster Analysis to identify the groupings of collinear predictors. One representative predictor can 
then be chosen from each independent cluster. 
 
Section 4.9.3.2 of Appendix X includes the cluster analysis of the data obtained in the rear arc for BB1 
with 5 predictors and no covariates, and the cluster analysis of the same noise band in the forward arc 
for 9 predictors with covariates. 
 
For BB1 in the rear arc without covariates, the 5 suggested predictors are: 
 
•  Cluster 1     Fan tip relative Mach number   Rotor M 95 
•  Cluster 2     Rotor efficiency   Rotor Eff 
•  Cluster 3     Fan tip exit flow whirl angle   Rotor Whirl 95 
•  Cluster 4     OGV mid span inlet whirl angle – OGV whirl 50 
•  Cluster 5     Rotor tip pressure loss coefficient   Rotor PLC 95 
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•  Cluster 1     Inlet Temperature – Temp 
•  Cluster 2     Rotor Efficiency – Rotor Eff 
•  Cluster 3     Number of blades – No. of Blades 
•  Cluster 4     OGV mid span inlet whirl angle – OGV Whirl 50 
•  Cluster 5     Rotor tip inlet Mach number – Rotor M 95 
•  Cluster 6     Rotor flow exit whirl angle 95% span – Rotor Whirl 95 
•  Cluster 7     Rotor tip pressure loss coefficient   Rotor PLC 95 
•  Cluster 8     Engine Section Stator hub whirl angle – ESS Whirl 10 
•  Cluster 9     Rotor mid span diffusion factor – Rotor Diff Fact 50 
 
The predictors listed above are then used to form correlation equations to predict fan broadband noise, 
using Least Squares Analysis. This is described below. 
 
4.9.3.3.  Least Squares Analysis 
 
Least Squares regression is now used to form regression equations of Eq (  4.5 1) from the predictors 
decided  upon  in  Section    4.9.3.2.  The  final  results  of  regression  equations  can  be  used  to  create 
residuals between the measured and fitted noise data ( pred PWL PWL r − = exp ), as described in Section 
  4.6.1. The assessment of these residuals is important in order to ensure that the rig noise measurements 
are of sufficient quality, and the assumptions are met that allow the application of statistical analyses. 
Therefore,  before  considering  the  final  regression  equation,  the  following  section  describes  the 
analysis of residuals in this investigation. 
 
4.9.3.3.1.  Residuals and Analysis 
 
There are a number of presentations of the residual data that are used within this investigation for 
quantifying the goodness of fit. Examples of the use of regression analysis, applied to the data set, are 
shown in Figure 4.9.3.3.1 1to Figure 4.9.3.3.1 4.  These are: 
 
1.  Normal probability plot 
2.  Histogram 
3.  Fitted value plot 
4.  Observation vs. order plot 
 
Each of these figures will now be discussed in turn. The regression analysis that generates these 
figures is presented later in this chapter. Similar figures can be generated by Principle Component 
Analysis and Cluster Analysis. 
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1. Normal probability plot 
 
Figure 4.9.3.3.1 2 is the normal probability plot, whereby the cumulative distribution of the residuals 
is plotted against the standardised residuals. 
 

























Figure 4.9.3.3.1 1 – Normal probability plot of residuals 
 
The  standardized  residuals  are  calculated  by  dividing  the  residual  by  its  standard  deviation. 
Standardized residuals are used because all of the data used by the analysis can be plotted on the same 
figure despite their disparate units. The cumulative distribution is the percentage of values in the 
sample that are less than or equal to it, denoted percent. The straight blue line in this figure is the 
theoretical slope the residuals would follow if they were perfectly normally distributed. The red points 
mark the actual residual data. 
 
Although the regression approach assumes normally distributed data, in practice small departures from 
normality  are  acceptable  for  data  with  a  large  number  of  observations.  The  usefulness  of  this 
representation is that it reveals the presence of outliers. These are single extreme values that can 
greatly  influence  the  regression  coefficients  a.  If  outliers  are  present  then  this  may  indicate 
measurement error for example. Also, Figure 4.9.3.3.1 2 shows that all of the data points are close to 
the theoretical value. This suggests that the data is sufficiently ‘normal’ to be used with regression 
analysis. Departure from normality would suggest difficulties with the suitability of the noise database 
for use in this type of investigation. The presence of non normal behaviour may only be with one 
working line or fan noise data set. Alternatively, it could indicate a problem with the measurement 
procedure  or  technique  used  when  measuring  the  database.  Fortunately  the  data  appears  to  be 
satisfactory in this case. 
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2. Histogram 
 
Figure 4.9.3.3.1 3 is a plot of the standardized residuals of the predictor data set versus the frequency 
of occurrence, in the form of a histogram. 
 

















Figure 4.9.3.3.1 2 – Histogram of predictors 
 
Although a histogram of the residuals can indicate normality, use of a Normal Probability Plot is 
preferable for such an analysis. The histogram is used to assess general characteristics of the data. 
Outliers can be identified by spurious bars located away from the main cluster. Long tails suggest 
skewness in the data set. For this data set, Figure 4.9.3.3.1 3 displays little skewness. Note that lack of 
skewness alone does not indicate normality, which is why the Normal Probability plot should also be 
used to assess whether or not the data is normally distributed. 
 
    3. Fitted value plot   
 
Figure 4.9.3.3.1 3 plots the predicted values versus the standardized residuals. 
 
































Figure 4.9.3.3.1 3 – Fitted value plot of predicted mean response Eugene P. Deane  EngD Thesis September 2009  66 
 
In regression analysis Fitted Values are calculated by substituting selected predictor values into the 
regression equation, providing an estimate of the mean response for the given predictor values. These 
are plotted versus the standardised residuals. Ideally the points should be scattered about zero. Figure 
4.9.3.3.1 3  displays  satisfactory  scatter,  although  a  broader  spread  is  visible  for  the  negative 
standardized residuals. This indicates that the regression equation used to generate these plots fits the 
data relatively well, although some predictors present in the data set are lower than would be expected 
by the regression equation. 
 
    4. Observation versus order 
 
Figure 4.9.3.3.1 5 plots the observation order of the measurements versus the standardized residuals. 
 
































Figure 4.9.3.3.1 4 – Observations versus order 
 
Figure 4.9.3.3.1 4 can be used to assess whether the order in which the data is taken influences the 
measured results. The data should form a random pattern. In Figure 4.9.3.3.1 4 a repetitive pattern is 
apparent, due to the grouping of measurement into their respective rig and working line sets. This form 
of grouping is often difficult to correct after the data has been measured. If possible, therefore, the runs 
of the experiment should be randomised. This should be noted for future experimental campaigns, 
although randomising all predictors may be difficult to achieve on a fan rig where the number of 
controllable variables during test are limited to fan speed and throttle area. 
 
The full derivation and analysis of the results of the Least Squares Analysis can be seen in Section 
4.9.3.4. of Appendix X. A summary of the final results can be seen below. 
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4.9.3.4.  Least Squares Analysis Results 
 
The  following  section  presents  the  regression  equation  coefficients  and  results  calculated  for  the 
example cases of BB1 in the rear arc without covariates, shown in Section   4.9.3.4.1, and BB1 in the 
forward arc with covariates, presented in Section   4.9.3.4.2. 
 
4.9.3.4.1.  BB1 in the rear arc without covariates 
 
Typical results of a least squares analysis applied to broadband noise region BB1 in the rear arc are 
now  presented.  This  section  presents  results  for  a  regression  equation  formed  from  5  flow  and 
performance predictors, without the inclusion of covariants. The use of 5 predictors for this regression 
equation has been suggested by the Principle Components Analysis performed previously. 
 
The P value for the overall model is calculated to be 0.000. This is less than the defined alpha of 0.05 
which suggests that the model is statistically significant. These parameters were defined previously in 
Section   4.9.1. Table 5 below lists the standard errors and p values of each predictor. The individual 
coefficients for each predictor can be seen in Section 4.9.3.3.2 of Appendix X 
 
Predictor Coefficient Coefficient P-value
P i ai Standard Error
Constant u 15.52 0
Rotor Eff v 0.1108 0
Rotor M 95 w 0.4973 0
Rotor Whirl 95 x 0.08294 0
OGV Whirl 50 y 0.04861 0
Rotor PLC 95 z 2.451 0.496  
Table 5 – Model Selection and Validation for Broadband noise region 1, rear arc 
 
The final correlation equation, in the form of Eq (  4.5 1), can therefore be written as 
 
) 95 (
) 50 ( ) 95 (
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PLC Rotor
Whirl OGV Whirl Rotor
M Rotor Eff Rotor BB
× +
× − × −




  Eq (  4.9.3.4.1 1) 
 
The predictors that form this regression equation have been chosen from the cluster analysis, due to 
their importance to broadband noise in the rear arc. Note that the numerical values of these predictors 
are visible in Table 5, of Appendix X. The sign of the associated coefficient is shown above in Eq 
(  4.9.3.4.1 1) provides insight to the effect on broadband noise of modifying the predictor.  
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The regression equation derived above can be used to predict the broadband noise in the rear arc for 
the two test cases left out from the regression analysis, the Engine 3 fan on working line 5, and the 
Engine 5 fan with liner on working line 5. A preliminary assessment of the accuracy of the model is 
presented  in  Figure  4.9.3.4.1 1  below,  which  presents  a  comparison  of  the  shaft  speed  versus 
measured and predicted sound power values.  
 
 
Figure 4.9.3.4.1 1 – Measured and predicted BB1 sound power, rearward arc, 5 predictors without 
covariates 
 
The regression equation predicts the noise of the Engine 5 fan more accurately than the Engine 3. The 
predicted spectra are within 2dB of the measured spectra, except at very low shaft speeds for the 
engine 3 working line 5 case. This difference occurs despite the large number of measurement points 
used to form the regression equation, and shows the difficulty of deriving a predictive correlation that 
remains accurate when asked to predict the fan noise for a different performance point. The high level 
flow and performance predictors chosen do not capture all the changes in noise sources measured on 
the rig. 
 
The largest discrepancy for the Engine 3 noise prediction is between approximately 5500 and 7500 
Hz. This is due to sudden increases in several Engine 3 predictor variables, not shown here, including 
fan tip pressure loss coefficient, and fan tip flow exit whirl angle. These predictors have negative 
coefficients in Table 5. An increase in predictor value therefore causes a corresponding decrease in 
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low shaft speeds appears to be due to a reduction in rotor efficiency at these shaft speeds. (Note that 
this figure, with further discussion, is shown in Appendix X, Section 4.9.3.4.1). 
 
The following section presents the results of the Least Squares analysis of BB1 in the forward arc with 
covariates. 
 
4.9.3.4.2.  BB1 in the forward arc with covariates 
 
The Least Squares Analysis of BB1 in the forward arc including covariates, seen in Section 4.9.3.4.2, 
of Appendix X originally suggested the use of 7 predictors. However, using 7 predictors was not found 
to be accurate when using the resulting correlation equation to predict the broadband noise of the 
reserved test case. An additional two predictors were required to provide satisfactory prediction.  
 
The inclusion of the additional predictors produces a regression equation with a p value of 0.000. The 
final regression equation is: 
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  Eq (  4.9.3.4.2 1) 
 
The  numerical  values  of  the  coefficients  for  each  predictor  can  be  seen  in  Section  4.9.3.4.2  of 
Appendix X. The p values of each individual predictor is also 0.000, as shown below in Table 6. This 
suggests that the above combination of predictors allows a broadband noise prediction with a larger 
degree of correction due to the larger number of degrees of freedom, allowing each predictor to be 
‘statistically significant’. 
 
Predictor Coefficient Coefficient P-value
P i ai Standard Error
Constant q 29.48 0
No. Blades r 0.2006 0
Temp s 0.02351 0
Rotor Eff t 0.1761 0
Rotor M 95 u 1.463 0
Rotor Whirl 95 v 0.2036 0
OGV Whirl 50 w 0.08316 0
Rotor PLC 95 x 3.283 0
ESS Whirl 10 y 0.107 0
Rotor Diff Fact 50 z 5.274 0  
Table 6 – New Model Selection and Validation for Broadband noise region 1, forward arc Eugene P. Deane  EngD Thesis September 2009  70 
 
The new model described above accounts for approximately 78.5% of the measured noise variation 
(R sq value). This accuracy is confirmed when using the regression equation of Eq (  4.9.3.4.2 1) to 




Figure 4.9.3.4.2 1 – Measured and predicted BB1 sound power in the forward arc, 9 predictors with 
covariates 
 
Note that while BB1 in the rear arc (Figure 4.9.3.4.1 1) increases monotonically with shaft speed, BB1 
in the forward arc peaks between 6000 and 65000 RPM. This is most likely due to the increase in rotor 
blockage with higher shaft speeds. This increase in blockage at high speed for these low pressure ratio 
working lines, and may indicate the presence of shocks on the rotor blade preventing the propagation 
of broadband noise in the forward arc (c.f. Figure 4.4.1 3, of Appendix X). 
 
This accuracy was not found when using 7 predictors, as shown in Appendix X, Section 4.9.3.4.2. 
There are several possible explanations for the improvement in the predictive capability of the model 
by  adding  the  two  additional  predictors.  The  most  probable  reason  is  simply  the  increase  in  the 
number of degrees of freedom provided by the increase in the number of predictors. Increasing the 
number  of  predictors  to  9  increases  the  variance  of  the  predictor  data set  that  is  included in the 
regression model. 
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However, the increase in the number of degrees of freedom included in the regression equation, may 
mask the additional effects included in the new regression equation. The additional predictors chosen 
for inclusion in the regression equation, via the procedure displayed in Section 4.9.3.4.2 of Appendix 
X, allow the inclusion of the interaction between rotor hub flow and the ESS cascade. These predictors 
were not chosen for inclusion in the first version of the forward arc BB1 noise regression equation. 
The need to include the larger number of predictors than Principle Component Analysis suggested, 
implies that the assumption made in the use of cluster analysis may not be correct. 
 
This assumption stated that the variance in the predictor dataset, due to the underlying behaviour 
captured by each of the N uncorrelated principle components, may be encapsulated by defining N 
uncorrelated groups of collinear predictors. There are three different ways of interpreting the possible 
consequences from the results of the regression analysis: 
 
1.  The  assumption  is  wrong  and  it  is  not  possible  to  encapsulate  the  variance  of  the  N 
uncorrelated principle components by creating N uncorrelated clusters. This may be due to the 
fact that one or more of the principle components may be due to the interaction between 
predictors that may or may not be placed in a specific cluster.  
 
2.  The  assumption  is  correct.  However,  the  principle  components  defined  suggest  noise 
prediction mechanisms (which could be for example rotor wake interaction with downstream 
vanes) that may be applied to both OGV and ESS cascades. 
 
3.  The assumption is correct. However, from the results of the cluster analysis one cannot state 
whether the correlated predictors within each cluster are collinear because they  vary in a 
correlated sense due to different physical effects, or are actually related due to a physical 
interaction between possible groups of different predictors. 
 
Ultimately the three reasons listed above are different ways of looking at the same problem with using 
the current predictor dataset for this type of analysis. One must identify and isolate the effects within 
the predictor dataset labelled ‘principle components’. These must be varied during testing in such a 
way  that the  relationship between  the  different  predictors  and  these  principle components can be 
modelled.  These  future  tests  must  take  any  necessary  covariates  into  account.  However,  if 
understanding is desired of the broadband noise generating mechanisms of the fan stage (rotor, OGV, 
ESS) specifically, restrictions should be placed on the use of additional inlet forms, liners, etc. until 
the noise generating mechanisms themselves are quantified. 
 
The following section will discuss the findings of this correlation study, including accuracy of the 
regression equations derived, the process of derivation of the regression equations, and the difficulties 
encountered when including covariates. 
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4.10. Discussion of the correlation study 
 
The regression equations derived in this study include several additional predictors over the current 
broadband noise model. They offer therefore a greater degree of flexibility as they allow a single 
correlation equation to be applied to the fan rigs whose data was used during the derivation of the 
regression equations. The cluster analysis also provided an increased understanding of the physics and 
the  interaction  between  different  variables,  by  considering  the  physics  behind  the  correlation  of 
different predictors, and their groupings during the cluster analysis. 
 
Principle Component Analysis is used to identify the number of underlying behavioural structures in 
the  predictor  data  set.  Each  individual  principle  component  represents  a  statistically  uncorrelated 
behaviour  within  the  dataset.  These  may  or  may  not  correspond  directly  to  the  original  physical 
predictors,  and  may  be  a  function  of  several  predictors.  Principle  Component  Analysis  does  not 
indentify  which  predictors  are  included  in  each  ‘component’  group,  or  which  combination  of 
predictors could be used to accurately model the desired behavioural trend. As the current data set was 
measured by varying only shaft speed and throttle, this level of detail could not be extracted from the 
current dataset. A design of experiment approach to improve a future predictor data set is discussed in 
the following section. 
 
In this investigation, therefore, it was assumed that the variance in the predictor dataset, due to the 
underlying  behaviour  captured  by  each  of  the  N  uncorrelated  principle  components,  may  be 
encapsulated by defining N uncorrelated groups of collinear predictors. The aim is to capture as much 
of the effect of the underlying behaviour on the predictor dataset as possible. Cluster Analysis was 
used to reduce the highly collinear predictors into less correlated ‘families’ of predictors. Knowledge 
of these families can provide additional physical insight into the interaction between the predictors that 
form each cluster. The grouping of flow and performance variables with covariates can alleviate some 
of the problems inherent in the specification of covariates. For example, the working line covariate can 
be replaced by the use of rotor efficiency, as done in this study. However, the assumption underlying 
the  use  of  cluster  analysis  may  be  unacceptable,  as  the  principle  components  may  represent  a 
behaviour that incorporates the interaction between several predictors. 
 
Not being able to incorporate predictor interactions means that the final derived regression equations 
themselves are linear equations, formed by the use of Least Squares regression. In order to incorporate 
interaction effects that may capture the predictor variance of the principle components more accurately, 
an alternative structured approach to measurement, such as Design of Experiment, should be used. 
This is discussed further below in Section   4.11. 
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The specification of certain covariates could prove problematic in future studies. Covariates may have 
to be included in the prediction equation models. However, there is currently no method of describing 
these variables in a physical manner. For example, a fan liner can be described in terms of porosity, 
cell depth, or resistance. However, for this study these different liners were simply indexed by 1, 2, 3 
etc. in order to distinguish between their different effects. Due to this indexing, only acceptance that 
different liners exist within each covariate group can be taken into account. Therefore the resulting 
prediction equations could not be applied to new liner architecture with confidence. This is a common 
problem when several covariates are present, but particularly affects liners, and intake forms (whether 
cylindrical or drooped, and angle of droop). 
 
The approach of separating the broadband measured spectra into four averaged noise regions provides 
a simple method of calculating broadband noise for this study, despite the problems of overlapping 
bandwidths. An improvement would be the prediction of the complete broadband noise spectrum. 
 
4.11.  On the difficulties in deriving physical correlations 
 
In  this  investigation  no  prior  knowledge  of  the  physics  of  fan  broadband  noise  generation  was 
assumed in an attempt to derive new broadband noise regression equations unrelated to those currently 
in use. 
 
The difficulties encountered in deriving physically based fan broadband noise correlations may be due 
to the inadequate data sets available for investigation, in which a typical experimental procedure is to 
measure fan noise for decelerations along a particular working line. This procedure provides ‘linear 
effects’  within  a  larger  multi dimensional  experimental  space.  By  attempting  to  derive  generally 
applicable physical correlation equations, we may be using these ‘linear effects’ in an attempt to 
derive ‘planar effects’.  
 
To explain this effect imagine several ‘response sheets’ of different orientations, which may cross at a 
line.  The  topography  of  each  ‘sheet’  is  formed  by  the  independent  variation  of  several  related 
predictors, and their effect on broadband noise. In other words, each response sheet corresponds to a 
‘principle component’ of the predictor dataset. However, the variation along a fan working line does 
not  allow  the  independent  variation  of  many  predictors  in  order  to  form  these  response  sheets, 
providing instead a single ‘line’ of fan behaviour within the sheet domain. This line may correspond to 
the  location  along  which  several  sheets  cross,  if  the  predictors  are  related  to  several  principle 
components. Due to the high data collinearity the angle separating the sheets may not be derivable. 
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In order to improve the modelling of the principle components, each underlying behaviour described 
by a principle component must be isolated and varied independently. This will require identification of 
the predictors of which the principle components are a function, i.e. the axes of the ‘response sheets’. 
The predictors may consist of both flow predictors and rig covariates. An experimental matrix can 
then be designed that will allow the variation of each isolated factor independently. This may require 
controlled variation of several combinations of simple flow predictors and rig covariates in order to 
isolate different behavioural factors and include interactions between parameters. 
 
The  regression  equations  derived  during  this  study  would  then  be  improved  by  the  inclusion  of 
physical interactions between parameters, rather than the simple linear summing of different predictors. 
A number of statistical analysis techniques may be applied to the data sets in an attempt to derive these 
interactions.  These  techniques  such  as  Analysis  of  Variance  (ANOVA,  discussed  further  below), 
assess predictors both independently and with respect to interactions. Unfortunately, an attempted 
application of these techniques to this data set gave statistical significance to many arrangements of 
the same variable (e.g. shaft speed (rpm) to the power of 0.5, 1, 2, or normalised by temperature etc.), 
despite the fact that on visual inspection of the data one format would clearly provide a better fit to the 
data. Several of the techniques suggested that all prediction fits were statistically significant, rather 
than  one  providing  the  ‘best  fit’.  This  in  turn  introduces  difficulties  when  interpreting  potential 
interactions between different predictors. For example it is not clear whether the interaction between 
flow Mach number and OGV stagger angle is more relevant than an interaction between Mach number 
squared and OGV stagger angle. 
 
If  the  predictors  chosen  depend  upon  the  data  set  used,  then  the  effects  of  these  predictors  on 
broadband noise may not be statistically significant (and generally transferable to new rig predictions), 
and may only provide reliable predictions for that particular data set.  
 
In addition to the difficulties associated with separation of the measured data and flow predictors, as 
mentioned previously, problems were met when deciding on how best to represent the covariates and 
their,  often  complicated,  effects  on  the  experimental  data.  These  covariate  effects  are  not 
systematically  accounted  for  within  this  current  measurement  database.  In  order  to  alleviate  this 
problem a more structured description of several covariates is required, specifically fan rig liners and 
fan intake form. These covariates should be parameterised in a way that allows variation in their 
design to be accounted for, i.e. it allows their physical differences to account for their effects on 
broadband noise predictions. Liners could be described in terms of cell depth, number of layers, facing 
sheet, and pore density. The rig intake could include such variables as angles of droop and rotation. 
This increase in flexibility would allow novel designs to be predicted more accurately without being 
part of the database used to derive the prediction equations.  
 Eugene P. Deane  EngD Thesis September 2009  75 
Assuming an experimental approach is pursued to more clearly parameterise the covariates, a pre 
defined  method  of  understanding  the  effects  of  these  covariates,  and  indeed  the  other  flow  and 
performance  parameters,  should  be  followed.  The  current  standard  rig  noise  test  procedure  is  to 
perform a combination of fan deceleration and steady state measurements. These fan decelerations 
vary the fan speed and throttle size to track lines of constant thrust, and therefore the fan rig working 
lines. One future possibility is to use an experimental system based on the ‘Design of Experiment’ 
(DoE) approach. Such methods include Factorial Designs, Response Surface Designs, and Taguchi 
Designs.  All  of  these  approaches  allow  the  assessment  of  factors  that  affect  the  generation  of 
broadband noise, and aid in the identification of interactions between predictors. 
 
An important factor to take into consideration when preparing a designed experiment for a fan rig test, 
is whether the required performance points can actually be attained by the rig. When preparing an 
initial high low factorial design, for example, it would be important for the designer to prepare points 
within the fan rig performance envelope, i.e. below the fan surge limit and above the fan stall limit. 
 
If  successful  the  results  of  a  study  such  as  this  could  allow  increased  physical  analysis  of  each 
experiment and the creation over time of a more descriptive noise measurement database. A modular 
fan rig would greatly increase the ease with which such an investigation into factor variation could be 
performed, by increasing the speed of rig component replacement. Varying rig parameter components 
individually would be prohibitive in terms of time. However designed experiments allow the creation 
of test matrices within which combinations of parameters are varied simultaneously in a set order. This 
greatly reduces the number of runs required, and allows the understanding of interactions between 
predictors. 
 
Thus far the investigations within this thesis have concentrated on analysis and understanding of fan 
broadband noise. This noise source is becoming more important as engine diameters grow, in an 
attempt to improve overall engine performance and reduce jet noise. In the competitive market of 
aero engine  design  and  manufacture,  several  technologies  are  being  considered  to  allow  further 
control of engine performance and noise, and reducing the importance of fan broadband noise. One of 
these technologies concerns the variation of engine exhaust area as a means of improving engine 
performance, fan flutter, and noise. Such a technology is holistic, as every engine parameter is affected, 
including the fan. The following section describes an investigation into the noise effects of a variable 
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5. Theory  of  cascade  model  for  the  prediction  of 
broadband rotor stator interaction noise 
 
This section will introduce the rotor/stator broadband noise interaction model that will be used later to 
perform a parameter study of a number of basic geometric and aerodynamic parameters, described in 
Chapters   6 and   7. The derivation below follows that presented in [11]. 
 
The  basic  model  equation  is  presented  and  described  below.  The  physical  assumptions  made  in 
derivation are also presented. This is followed by description of the turbulence spectrum model that 
provides the representation of the turbulent wake impinging on the stators. The ‘critical frequency’ 
defined by Cheong et al [11] is defined along with its implications for the acoustic power spectrum, 
leading to the approximate expression for the acoustic power spectrum in a high frequency bandwidth. 
 
In deriving the equation for the rotor 
stator  interaction  broadband  model, 
the theory described by Cheong et al 
[11]  is  closely  followed.  The 
derivation  of  the  broadband  noise 
model  equation  assumes  a  2 
dimensional  cascade  of  flat  plate 
aerofoils with a stagger angle equal to 
θ. The incoming flow is also assumed 
to be 2 dimensional, with a flow direction parallel to the aerofoil chord so that there is zero angle of 
incidence. Taylor’s frozen turbulence assumption is made, i.e. the magnitude of the turbulent velocity 
fluctuations w are much less than that of the mean velocity W. Assume a harmonic gust incident upon 
the cascade, of the form: 
 
( )
( ) [ ] 2 2 1 1
0 2 1 , ,
y k Wt y k i e w t y y w
+ − =   Eq (  5 1) 
 
which is assumed to convect with the mean flow. Here w is the upwash velocity perturbation of 
amplitude w0 convected at mean velocity W, comprising of wavenumbers k1 and k2, where k1 is the 
acoustic wave number in the chordwise direction and k2 the acoustic wave number in the gapwise 
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r R  is the cascade response function 
±
l R  which couples the impinging turbulent fluctuations to 
the acoustic pressure. The superscript ± denotes noise propagation upstream (+) and downstream ( ) 
respectively. 
±
l R  is completely defined by the parameters  ( ) λ σ θ , , , , M R R c
s
l l
± ± =  where σ is the phase 
angle and  W c ω λ =  is the reduced frequency. 
 
From  Equation    5 2  it  is  seen  that  each  incoming  harmonic  gust  generates  an  infinite  number  of 
scattered acoustic waves ( ) ∞ − −∞ = ,..., 1 , 0 , 1 ,..., r . A single wave number component of vorticity (k1, k2) 
generates an r
th acoustic wave with a phase angle  s r β  between adjacent blades. This phase angle has 
the form: 
 
r s r π σ β 2 − =   Eq (  5 3) 
 
The acoustic circumferential wave number βr of the r








2 cos sin 2 1 − +
=   Eq (  5 4) 
 
The axial acoustic wave number is expressed in terms of βr and ω by the quadratic expression 
 










M M a M a M r r r
r −
− − + ± +
=
± β β ω β ω
α   Eq (  5 5) 
 
Equation   5 2 is only valid for a harmonic gust, this can be generalised to model the acoustic pressure 
radiated by a cascade subject to a turbulent gust by the equation 
 
( ) ( ) ( )
2 1
2 1 1
2 1 2 1 0 2 1 , , ˆ ˆ , ,
dk dk e
k k R k k w W t x x p
















∑ ∫ ∫ =
β α
ρ
  Eq (  5 6) 
 
The 2 dimensional wave number spectrum of turbulence is denoted by ( ) 2 1 ˆ k k w
)
. The double hat of the 
turbulence spectrum signifies that the spectrum is evaluated in the moving reference frame. According 
to Goldstein [23] the spectral density of acoustic intensity in a fluid moving at a uniform velocity is 
given by: 
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  Eq (  5 7) 
 
where U1 and U2 are the mean flow velocity components in the chordwise and gapwise directions,  1
~ u  
and  2
~ u are  the  acoustic  particle  velocities  in  the  respective  directions.  The  stars  denote  complex 
conjugate. The Fourier transform with respect to time of Equation   5 6 becomes: 
 
( ) ( ) ( ) 2
2 1
2 1 2 1 0 , , , dk e k K R k K w p
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x r x r i










± ± β α
ρ ω
) ) x   Eq (  5 8) 
 
where W K ω = 1 . Substituting Equation   5 8 into the linearised momentum equation gives the particle 
velocities  1
~ u  and  2
~ u . Substituting these into Equation   5 7 and assuming that the velocities at different 
wave numbers are uncorrelated, i.e. the turbulence is homogeneous: 
 




2 2 2 1 2 1 , ' , , lim k K k k W k K w k K w E
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ww T Φ − =
∗
∞ → δ
π ) ) ) )   Eq (  5 9) 
 
gives Equation   5 10 for the acoustic intensity spectrum where  ( )
'
2 1,k K ww Φ  is the turbulence wave 
number spectrum in the moving reference frame.  
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  Eq (  5 10) 
 
The acoustic power per unit span can be calculated by integrating Equation   5 10 over a distance Bs, i.e. 
over the circumferential length of the 2 dimensional cascade if rolled up. The gap wise wave numbers 






x r r i Bs dx e 0 ' 2
2 ' δ
β β   Eq (  5 11) 
 
This Kroneker delta allows the  ' r  summation in Equation   5 10 to be removed, and the acoustic power 
spectrum per unit span is to be written in the form 
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  Eq (  5 12) 
 
The incoming turbulence must be periodic in the circumferential direction, with basic spatial period 
equal  to  Bs,  the  circumference of the  cascade. Therefore  by  geometry  the  wavenumber  in  the  x2 
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m
k m − =   Eq (  5 13) 
 
In order to integrate Equation   5 12 over k2 at a constant frequency, or K1, the wave number must be 










→   Eq (  5 14) 
 
where  1 =  m . Therefore the remaining integral in Equation   5 12 can be replaced by the summation: 
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  Eq (  5 15) 
 
From Eq (  5 15) it is clear that the turbulence consists of an infinite sum of vortical waves of order m 
each of which interacts with the stator blade, generating an infinite number of acoustic modes with 
scattering index r. The radiated sound is therefore a sum of these generated acoustic modes.  
 
Firstly  the  cascade  response  function 
±
r R  is  within  both  summations  of  m  and  r  which  is  very 
inefficient  computationally.  Transforming  the  variables  over  which  the  summation  is  performed 
allows the term 
±
r R  to be moved from the double summation to a single summation. The turbulence 
spectrum  ww Φ  then  moves  under  the  double  summation,  which  is  acceptable,  however,  as  the 
turbulence spectrum in this case is calculated from an algebraic expression (c.f. Section   5.1), and can 
be  performed  quickly.  The  cascade  response  function  requires  another  infinite  summation  of  the 
‘cascade waves’ and the numerical computation of the upwash integral equation in [43].  
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=   Eq (  5 16) 
 
The integer l represents the order of the acoustic mode in the x2 direction, and is equivalent to the 
circumferential mode number m in duct theory. Insertion of Equations   5 16 and   5 13 into Equation   5 4 
gives: 
 
Br l m + =   Eq (  5 17) 
 
This equation relates the m
th vortical wave number to the acoustic mode number l and the cascade 
scattering index r. This is the scattering rule for the generation of acoustic modes by the interaction of 
a vortical mode with a cascade. Equation   5 17 can be substituted into Equation   5 13, the result of 
which can in turn be substituted into Equation   5 15, which after rearrangement results in: 
 

















  Eq (  5 18) 
 
The term  ( ) 1 K Ql
±  is a non dimensional modal power response function: 
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± ±   Eq (  5 19) 
 
where  ( ) B l, mod , is the remainder when the first term is divided by the second.  
 
Note that the summation over l is restricted to a finite range of values by only taking into account the 
cut on modes. In a subsonic flow ( a W < ) propagating modes occur over the range of  l β  given by  
 
























  Eq (  5 20) 
 
The  maximum  and  minimum  integers  of  the  acoustic  mode  number  l  are  denoted  Lmax  and  Lmin 
respectively,  corresponding  to  acoustic  modes  travelling  with,  and  against,  the  swirl  velocity  U2 
respectively. The acoustic power spectrum per unit span can therefore be written as: 
 

















ω   Eq (  5 21) 
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In Equation   5 21 the range of the cascade scattering index r is chosen to ensure convergence. The 
sound power integrated over the frequency bandwidth  H L ω ω ω ≤ ≤  is therefore: 
 





















  Eq (  5 22) 
 
To  summarise  Eq  (  5 22),  the  turbulence  spectrum  ( ) Br l ww k K + Φ , 2 1,  provides  the  turbulent  fluctuating 
velocities  of  the  incoming  wake.  The  fluctuating  velocities are  coupled  to the  generated  acoustic 
pressure fluctuations by the cascade response function  ( ) 1 K Ql
± . These terms are then integrated over a 
specified  frequency  band,  and  multiplied  by  a  number  of  factors  affecting  the  magnitude  of  the 
resultant acoustic sound power. 
 
Finally, the acoustic spectra presented in the parameter study are expressed as a sound power level 
















PWL   Eq (  5 23) 
 
In the above expression the factor of 2 is included to convert from a two sided spectrum to a one sided 
spectrum, and  R    denotes the width of the cascade in the spanwise direction. The reference power is 
12 10
−  W. 
 
There are a number of limitations inherent in the model described above. The use of a 2 dimensional 
cascade of flat plates neglects to take the effects of vane thickness or camber into account. However, 
more importantly the assumption that the wake flow is always impinging perfectly onto the vane 
leading edges means that an angle of attack between the flow direction and the vane chord cannot be 
taken into consideration. This has an effect on the second parametric study, investigating the effect of 
variation in fan design parameters on broadband noise, discussed further in Chapter 7. 
 
5.1.  Turbulence spectra 
 
The turbulent wakes generated by turbofan rotors have been found to have similarities to isotropic 
turbulence by both Ganz et al [16] and Gliebe et al [21]. Isotropic turbulence is therefore a reasonably 
valid assumption despite the complex, highly non homogenous nature of the wakes. There are two 
commonly used spectra satisfying these requirements, the von Karman spectrum and the Liepmann 
spectrum. Atassi and Logue [8] find that at lower frequencies the difference between the Liepmann Eugene P. Deane  EngD Thesis September 2009  83 
and Von Karman models is approximately 2dB. This difference reduces to less than 1dB at higher 
frequencies. Either model may therefore be used to calculate the sound power spectra. The Liepmann 
spectrum is chosen, the three dimensional form of which is: 
 
( ) ( )





















k k k ww




  Eq (  5.1 1) 
 
where Λ is the turbulence integral length scale, and 
2 w is the mean squared value of turbulent velocity 
fluctuations  normal  to  the  aerofoil  chord.  Integrating  over  k3  give  the  required  two  dimensional 
spectrum of the form: 
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= Φ
π
  Eq (  5.1 2) 
 
5.2.  Critical Frequency 
 
In Reference [11] a ‘critical frequency’  c ω  is defined that separates the acoustic power spectrum into 
two frequency regions. It is defined as the lowest frequency at which the acoustic mode number in the 


















=   Eq (  5.2 1) 
 
The significance of the critical frequency is that when l=V, the wavelength of the acoustic mode in the 
circumferential direction is equal to the vane spacing s. Above this critical frequency the number of 
cut on acoustic modes whose circumferential wavelengths are less than s increases. These shorter 
wavelengths are expected to have relatively weak interaction with the cascade, as the waves pass 
straight through the cascade with little interaction. 
 
Secondly, it may be shown that at the critical frequency all turbulence components excite cut on (i.e. 
propagating) acoustic modes. Below the critical frequency only some of the wave number components 
excite cut on acoustic modes. It is therefore shown in Reference [11] that below the critical frequency 
the unsteady blade loading between adjacent blades is partially coherent and the sound power is not 
proportional to the number of vanes. Above the critical frequency the unsteady blade loading between 
adjacent vanes is coherent and the radiated sound power is approximately proportional to the number 
of vanes V. This behaviour above the critical frequency allows the derivation of an analytic expression Eugene P. Deane  EngD Thesis September 2009  84 
for the  acoustic  power  spectrum  that  can  be  applied  in  this frequency  region.  This  expression  is 
described below in Section   5.3. 
 
It is useful to compare  c ω  to the blade passing frequency BPF ω , where   = B BPF ω , where B is the 
number of blades, and   is the rotor shaft speed. Given that V R s π 2 = , where R is an arbitrary radial 
position, then the critical frequency can be related to the shaft speed by Eq (  5.2 2) below 
 



















  Eq (  5.2 2) 
 
The ratio of  BPF c ω ω is therefore directly proportional to the ratio of number of vanes to number of 
blades V/B. Comparing results for the Engine 3 at cruise, cutback and approach shaft speeds, the 
critical  frequency  is  calculated  to  be  approximately  1.6,  1.8,  and  3.65  times  the  blade  passing 
frequency, respectively. Therefore at lower shaft speeds the sound power generated by incoherent 
blade responses covers a smaller frequency range of the acoustic spectra than the sound power spectra 
generated at higher shaft speeds. The critical frequency increases in importance with shaft speed, 
moving  through  the  frequency  range  between  second  and  third  blade  passing  frequency.  This 
frequency range is considered to be important from a perceived noise level perspective. For very high 
shaft speeds the critical frequency does not pass below the first blade passing frequency.  
 
5.3.  Approximate expression for acoustic power spectrum 
 
Cheong et al [11] have derived an approximate expression for the acoustic sound power per unit span 
above the critical frequency, of the form: 
 




































θ ω   Eq (  5.3 1) 
 
where 
± F  is an empirical function that depends only on M and θ, and  W K ω = 1 . In this equation it 
has been assumed that  ww Φ  is a slowly varying function of k2, and the turbulent integral length scales 
are small compared to the blade spacing. From the formulation of Eq (  5.3 1) it is also apparent that the 
acoustic power above the critical frequency is proportional to the blade number, and is independent of 
blade chord and cascade solidity. 
 
The  function  ( ) θ , M F
±  has  been  expressed  in  the  form  of  the  polynomial 
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n m M a M F θ θ , with coefficients given by: Eugene P. Deane  EngD Thesis September 2009  85 
    m 
n    0  1  2 
0  +
m a , 0   1.06902   2.07280  1.00861 
  −
m a , 0   1.50791  3.95533   5.24509 
1  +
m a , 1    1.08014  1.29047   0.0643443 
  −
m a , 1   1.69650   12.8537  13.7227 
2  +
m a , 2   2.09042   2.11989   0.174012 
  −
m a , 2    3.35771  23.7866   29.1403 
3  +
m a , 3    0.712208  1.20546   0.451791 
  −
m a , 3   2.88637   22.7343  28.2291 
4  +
m a , 4   0  0  0 
  −
m a , 4    0.944190  7.56542   9.18514 
Table 7 –Coefficients of  ( ) θ , M F
±  for use in high frequency approximation 
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6. Variation of Broadband noise with basic fan stage 
parameters 
 
This  chapter  describes  the  results  of  a  parameter  study  of  the  broadband  noise  generated  by  a 
hypothetical  fan  stage  using  the  noise  model  described  in  Chapter    5.  The  effect  on  rotor stator 
broadband noise of simple geometric and aerodynamic parameters on predicted broadband noise is 
investigated, above and below the critical frequency  c f . The parameters investigated are varied about 
a nominal cascade configuration, given by 
 
•  Number of vanes     V    30 
•  Mach number       M    0.5 
•  Stagger angle       θ    30
o 
•  Duct radius (m)     R    0.8 
•  Strip size (m)      R       0.4 (R/2) 
•  Turbulence intensity   
2 2 /W w   0.0004 
•  Turbulence length scale   R / λ     0.035 
•  Space/chord ratio    s/c    0.8 
 
Note that this is the same nominal cascade geometry as used in [11]. This number of vanes is not 
representative of a real engine geometry. For a real fan stage standard practice is to design so the first 
blade passing frequency is cut off. This requires the number of vanes to be greater than twice the 
number of fan blades, which is therefore greater than 30. 
 
6.1.   Results of variations in cascade parameters 
 
The broadband noise model of Chapter   5 makes clear that the cascade geometry is completely defined 
by 
 
•  Number of Vanes V 
•  Blade chord length c and Space/Chord ratio s/c 
•  Stagger angle θ 
 
6.1.1. Variation of Broadband Noise with Number of Vanes (V) 
 
The number of vanes is an important parameter as not only does it correspond to the number of 
leading  edge  sources,  but  it  also  affects  the  vane  spacing  s  in  the  cascade,  and  therefore  the 
space/chord ratio s/c, and hence the interaction between vanes. Therefore the broadband noise was Eugene P. Deane  EngD Thesis September 2009  88 
investigated for increasing number of vanes at constant c, and constant s/c. The nominal cascade is 
investigated but with the variation in vane number: 
 
•  Number of Vanes     V    5:5:60 
 
In the first instance, space/chord ratio s/c is kept constant, therefore as s decreases with increasing V, c 
also decreases to maintain the space/chord ratio 
 
•  Space/chord ratio    s/c    0.8 
 
In the second example the blade chord is kept constant, therefore 
 
•  Vane Chord  (m)    c    0.5 
•  Vane spacing  (m)    s    V R/ 2π  
 
The critical frequency c f , defined by Eq (  5.2 1), for the various values of V are given by: 
 
V 
c f  (Hz)  V 
c f  (Hz) 
5  220.30  35  1542.12 
10  440.60  40  1762.42 
15  660.91  45  1982.72 
20  881.21  50  2203.02 
25  1101.51  55  2423.32 
30  1321.81  60  2643.63 
Table 8 – Variation of critical frequency with number of vanes 
 
The critical frequency is a function of vane spacing, and therefore varies with the number of vanes. 
High and low frequency bands are therefore chosen to be consistently outside the range of variation of 
the critical frequency. The frequency band below fc is between 160.0Hz and 320.0Hz, and the high 
frequency band is between 3225.4Hz and 8127.5Hz. The upstream and downstream sound power 
spectra in 1/3
rd octave bands for the baseline case are plotted in Figure   6.1.1 1, for V = 30 and s/c = 0.8. 
The low and high frequency bands for this case can also be seen in Figure   6.1.1 1. 
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Figure   6.1.1 1 – 1/3 Octave power spectra for low and high frequency bandwidths upstream and 
downstream, along with critical frequency,  0 3 V = ,  8 0 c s . / =  
 
Figure   6.1.1 2a and b display 1/3
rd octave sound power spectra, propagating downstream and upstream 
respectively. Sound power spectra are overlaid for 60 : 10 : 10 = V . 
 
a – Downstream sound power, varying V    b   Upstream sound power, varying V  
with constant chord          with constant s/c 
Figure   6.1.1 2 – Variation of sound power spectra with  0 : 0 : 0 6 1 1 V =  
 
It is clear from both Figure   6.1.1 2a and b that as V increases, the sound power decreases at low 
frequencies, and increases at high frequencies. In Figure   6.1.1 2 the spectra appear to rotate about a 
‘pivot’ frequency at approximately 320 Hz. The frequencies of maximum sound power propagating 
downstream, seen for example in Figure   6.1.1 2a, correspond approximately to the critical frequency. 
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(Chapter   6), though not the upstream sound power spectra. The peak in downstream sound power may 
correspond to a resonance effect associated with the acoustic wavelength of the critical frequency. 
 
Figure   6.1.1 3a and b show the sound power variation of upstream propagating sound power, for 
constant chord, and constant space/chord ratio, integrated over the high frequency bandwidth indicated 
in Figure   6.1.1 1, for  60 : 5 : 10 = V . 
a – Variation in sound power with V,    b – Variation in sound power with V, 
constant chord          constant space/chord ratio 
Figure   6.1.1 3 – Variation of sound power with number of vanes, integrated over the frequency band 
above  c f  
 
These figures demonstrate that the rate of increase of sound power with number of vanes is similar 
when the vane chord length and the space/chord ratio are held constant. The sound power propagating 
upstream in the high frequency bandwidth increases approximately linearly with the number of vanes. 
The scaling power law of 1.02 suggests that each vane acts independently. This result agrees with the 
findings of, for example, Ganz et al [16]. However, for the downstream sound power a weaker vane 
count  dependence  is  observed  of  approximately 
75 . 0 V W ∝ .  This  result  for  downstream  sound 
propagation is unexpected, as from experimental studies (such as Woodward et al [46]) it is found that 
the sound levels in both directions increase with the number of blades at these high frequencies. The 
slower increase in downstream sound power suggests an interaction effect between adjacent blades, 
whereby increasing the number of vanes does not increase the number of sources linearly.  
 
Figure    6.1.1 4a  and  b  below  show  the  variation  of  sound  power  integrated  over  the  frequency 
bandwidths below the critical frequency versus  60 : 5 : 10 = V . 
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a – Variation in sound power with V,    b – Variation in sound power with V, 
constant chord          constant space/chord ratio 
Figure   6.1.1 4   Variation of average sound power with number of vanes, frequency band below  c f  
 
In contrast to Figure   6.1.1 3, sound power below the critical frequency reduces very slowly with 
increasing V. Both the downstream and upstream sound power appear to peak for approximately V = 
15.  The  upstream  sound  power  reduces  more  rapidly  with  V  when  the  chord  is  held  constant, 
compared with the sound power reduction when space/chord ratio is kept constant. This suggests that 
at these low frequencies when not all turbulence wavenumbers contribute to the predicted sound 
power,  the  unsteady  blade  loading  between  adjacent  blades  is  negatively  correlated,  such  that 
increasing the number of vanes reduces the overall efficiency of the cascade.  
 
The smallest number of vanes predicted is 10, it is unclear whether for lower numbers of vanes the 
low frequency sound power decreases. A decrease in sound power for even lower numbers of vanes 
would be expected; as vane count decreases each vane becomes an independent source. 
 
6.1.2. Variation of Broadband Noise with Blade chord (c) 
 
The  variation  of  sound  power  with  chord  when  all  other  parameters  are  held  constant  is  now 
investigated. The cascade of this investigation has the same parameters as the nominal cascade, with 
variation in chord now given by: 
 
•  Chord length       c    0.1:0.1:2 
•  Vane spacing      s    V R/ 2π  
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The critical frequency in this case is 1322Hz and is independent of chord.  The low frequency band 
below  c f  is chosen to be between 160Hz and 806Hz, and the frequency band above  c f  is between 
centre frequencies of 2560Hz, and 8128Hz.  
 
 
a – Downstream sound power        b – Upstream sound power 
Figure   6.1.2 1 – Variation of sound power with vane chord 
 
Figure   6.1.2 1a and b above show that the sound power in the low and high frequency bands are 
generally independent of chord. The exception is at the critical frequency c f  on the downstream sound 
power spectra. This weak sensitivity to chord is because in a cascade the sound power generated 
predominantly at the vane leading edge, with the trailing edge being of secondary importance. Note 
that the chord is of importance for isolated aerofoils. 
 
6.1.3. Variation of Broadband Noise with Stagger angle θ 
 
The final geometric parameter investigated in this chapter is the stator vane stagger angle θ. It is 
assumed here that the stagger angle affects only the geometry of the cascade, not the loading on the 
vanes as the incoming turbulence is assumed to be convected parallel to the vane chord. The cascade is 
as for the Nominal case with the following variation in stagger angle: 
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The critical frequency for the range of θ values between 
o 0  and 
o 75  is tabulated below: 
 
θ Degs 
c f  (Hz)  θ Degs 
c f  (Hz) 
0  1757.36  40  1222.29 
5  1671.15  45  1180.73 
10  1589.98  50  1144.33 
15  1514.27  55  1112.86 
20  1444.28  60  1086.11 
25  1380.12  65  1063.85 
30  1321.81  70  1045.91 
35  1269.26  75  1032.12 
Table 9 – Variation of critical frequency with stagger angle 
 
The low frequency band below  c f  is therefore between centre frequencies 160Hz and 806Hz, and the 
frequency band above  c f  is between centre frequencies 2560Hz, and 8128Hz.  
 
Figure    6.1.3 1  below  shows  the  variation  of  upstream  sound  power  for  varying  stagger  angles 
between
o o o 60 : 10 : 10 : 
 
Figure   6.1.3 1 – Variation of sound power propagating upstream with stagger angle θ 
 
Figure   6.1.3 1 suggests that increasing the stagger angle increases the total sound power level over the 
entire frequency range, with a faster increase at lower frequencies. The corresponding variation for the 
downstream sound power spectrum is plotted in Figure   6.1.3 2 Eugene P. Deane  EngD Thesis September 2009  94 
 
Figure   6.1.3 2 – Variation of sound power propagating downstream with stagger angle θ 
 
Figure   6.1.3 2 suggests that for the downstream power, the low frequency sound power increases for 
increasing stagger angle, and decreases slightly at the higher frequencies. There appears to be a ‘pivot’ 
frequency at approximately 840Hz at which the sound power is independent of θ. At frequencies just 
above this frequency each spectrum displays a peak in the vicinity of the critical frequencies, above 
which the downstream sound power appears to be weakly dependent on θ.  
 
Figure    6.1.3 3a  and  b  show  the  variation  of  the  integrated  sound  power  with  θ,  both  above  and 
below c f . 
 
a – Variation of sound power below  c f     b –Variation of sound power above  c f  
Figure   6.1.3 3 – Variation of average sound power with stagger angle θ 
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As  the  stagger  angle  θ  increases  above 
o 70  the  upstream  and  downstream  sound  power  spectra 
converge. Note that a stagger angle of 70
º is extremely large and beyond current design, where OGV 
leading edge stagger angle is generally of the order of 20
 º (note that OGV vanes on a real engine are 
cambered, which the current noise model does not consider). This limiting stagger angle is also found 
by Cheong et al [11] who have derived an approximate expression for the sound power spectral shape 
above c f , given by Equation   5.3 1. 
 
Jurdic and Joseph [29] have investigated in detail the generation of acoustic modes by the cascade 
used in this investigation, and whether these modes propagate upstream or downstream. They derive 
an ellipse on the circumferential and axial wave number axes. This ellipse defines the cut on wave 
number limits, and the relationship between each cut on circumferential and axial wave number. The 
orientation of the major axis of this ellipse is controlled by the cascade stagger angle. Also derived on 
the same axes is a group velocity circle that indicates the direction of propagation of the acoustic 
energy of these modes. The centre of this circle is a function of the axial (M1) and gap wise (M2) flow 
Mach numbers onto the cascade, and the circle radius is equal to c0. These geometries are indicated on 
the schematic shown below in Figure   6.1.3 4. The results of Jurdic and Joseph indicate the complexity 
of the influence of stagger angle on the broadband noise generated by a rectilinear cascade of 2 
dimensional flat plates. For further information and a full discussion of these effects see [29]. 
 
 
Figure   6.1.3 4 – Cut on wave number ellipse and group velocity circle, defined by Jurdic and Joseph [29] 
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6.2.  Broadband  Sound  Power  Variation  with  Aerodynamic 
Parameters 
 
In this section the effect on broadband noise of the aerodynamic parameters of flow Mach number, 
turbulence intensity, and turbulence length scale is investigated. The sound intensity is proportional to 
2 u , while the turbulence length scale characterises the size of the largest eddies and therefore the 
frequency distribution of the turbulent velocity, and hence sound power spectrum. 
 
6.2.1. Variation of Broadband Sound Power with Mean Flow Mach 
Number 
 
We now investigate the broadband noise generated by the nominal cascade for the range of flow 
speeds with the values: 
 
•  Mach number       M    0:0.1:0.7 
 
The critical frequency varies with Mach number according to Eq (  5.2 1) as shown in Table 10 below 
 
M 
c f  (Hz)  M 
c f  (Hz) 
0  2029.23  0.4  1497.74 
0.1  1920.14  0.5  1321.81 
0.2  1795.63  0.6  1125.00 
0.3  1655.16  0.7  903.61 
Table 10 – Variation of critical frequency with Mach number 
 
Here a frequency range between 160Hz and 640 Hz below the critical frequency, and between 2560Hz 
and 8127.5Hz above the critical frequency is chosen for the analysis. 
 
Figure    6.2.1 1  below  shows  the  spectra  of  downstream  sound  power  for  flow  Mach  numbers 
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Figure   6.2.1 1 – Effect of increasing Mach number on downstream propagated sound power 
 
As is well documented, fan broadband noise is highly sensitive to Mach number, found to vary with 
between the 5th and 6th power. Hanson [26] has predicted the variation of downstream sound power 
varying with a scaling law of approximately M
5, while Ganz et al [16] have measured variation in 
overall sound power with a scaling law of M
6.  
 
Separating the sound power spectra plotted in Figure   6.2.1 1 into low and high frequency bands allows 
this  frequency  dependency  to  be  investigated  in  greater  detail.  Figure    6.2.1 2a  and  b  shows  the 
variation of the sound power with Mach number M, integrated over the low and high frequency band 
ranges specified earlier. 
a – Sound power below  c f         b – Sound power above  c f  
Figure   6.2.1 2   Variation of average sound power with Mach number M 
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Below the critical frequency the downstream sound power increases with M more rapidly than the 
upstream. Both upstream and downstream sound powers are very similar in the low Mach number 
limit. Above  c f  the rate of increase of downstream sound power with M is faster than the upstream 
sound power, though both increase more rapidly that their low frequency counterparts. Note that the 
sound power in the low frequency band increases more slowly than the M
5 scaling law, while the 
sound power in the high frequency band increases more rapidly than M
5. This suggests that differences 
in  spectral  behaviour  at  high  and  low  frequencies  must  be  considered  separately,  as  opposed  to 
specifying a single scaling law for the entire spectrum. 
 
This finding was also reported by, for example, Glegg and Jochault [19] and Atassi and Logue [8], 
who also report that the noise variation due to Mach number is strongly dependent on frequency, being 
much larger at high frequencies. 
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6.2.2. Variation  of  Broadband  Sound  Power  with  Turbulence 
Intensity 
 
The effect of increasing turbulence intensity on predicted broadband sound power is now investigated. 
The cascade investigated for the variation in turbulence intensity is as the nominal cascade with the 
following parameter variation: 
 
•  Turbulence intensity   
2 2 /W w   ( )
5 10 1000 : 5 . 2 : 5 . 2
− x  
 
The turbulence intensity 
2
2 W w  therefore varies from 0.5% to 10% in steps of 0.5%. The critical 
frequency remains constant at 1322Hz for varying turbulence intensity. The frequency bands chosen 
are  therefore  between  160Hz  and  806Hz  for  the  low  frequency  band,  and  between  2032Hz  and 
8128Hz for the upper frequency band. As expected the broadband sound power increases linearly with 
increasing turbulence intensity, proportional to
2 2 /W w . This sound power scaling law is found for 
both upstream and downstream propagating sound powers, in both low and high frequency bands. 
Figure   6.2.2 1a below displays the variation in downstream propagating sound power spectra, and 
Figure   6.2.2 1b displays the variation in low frequency sound power, both with increasing turbulence 
intensity. Variation is the same for upstream sound power spectra, and high frequency sound power; 
these are therefore not shown. 
a – Downstream propagating sound power      b – Sound power below  c f  
Figure   6.2.2 1   Variation of sound power with Turbulence Intensity 
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6.2.3. Variation of Broadband Sound Power with Turbulence Length 
Scale 
 
The final aerodynamic parameter investigated is the turbulence length scale. This quantity quantifies 
the typical size of the largest turbulent eddy impinging on the blade. The cascade and flow parameters 
assumed  in  this  investigation  are  the  same  as  the  nominal  configuration  but  with  the  following 
variation in Λ: 
 
•  Turbulence length scale  R / Λ     ( )
3 10 75 : 5 : 5
− x  
 
The critical frequency is again constant at 1322Hz. Frequency bands were chosen to be between 
160Hz  and  806Hz  for  the  low  frequency  band  and  between  2032Hz  and  8128Hz  for  the  high 
frequency band. These frequency band limits were chosen to be consistently below and above the 
critical frequency, respectively. 
 
Figure   6.2.3 1a and b below shows the effect of varying turbulence length scale on the sound power 
spectra: 
 
a – Downstream sound power        b – Upstream sound power 
Figure   6.2.3 1   Variation of sound power spectral shape with turbulence length scale Λ 
 
Increasing the turbulence length scale causes a ‘rotation’ of the power spectra, for both upstream and 
downstream sound power. As the turbulence length scale is increased the sound power increases at 
lower frequencies, and decreases at higher frequencies. This ‘rotation’ occurs around the frequency 
peak of the respective spectra. In the downstream sound power spectrum this is approximately equal to 
the critical frequency. This effect is likely to be fortuitous as the critical frequency is defined to be 
independent of length scale Eq (  5.2 1). This rotation of the sound power spectra is also reported by 
Atassi and Logue [8], who find that the effect is stronger at higher Mach numbers. Eugene P. Deane  EngD Thesis September 2009  101 
 
Figure    6.2.3 2  shows  the  variation  of  the 
integrated sound power integrated over the 
low  frequency  band.  The  sound  power  is 
proportional to the turbulence length scale Λ, 
for  small  Λ.  However,  as  Λ  is  increased 
further, the sound power begins to plateau. 
This suggests there is a limiting turbulence 
length  scale  above  which  low  frequency 
sound power does not increase. 
 
The  variation  of  sound  power  with  length 
scale  at  high  frequency  can  be  compared 
directly  with  the  analytic  expression  due  to  Cheong  et  al  [11].  The  integrated  form  of  the  high 
frequency analytic expression can be calculated by integrating the acoustic sound power per unit span 
above the critical frequency, to give the following equation: 
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  Eq (  6.2.3 1) 
 
This can be rearranged to  
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M M W w B
M F P   Eq (  6.2.3 2) 
 
where  ( ) W ω Λ  is  a  Strouhal  number,  a  non dimensional  number  describing  oscillating  flow 
mechanisms. Figure   6.2.3 3 shows the variation of the integrated sound power in the high frequency 
bands, compared against the analytic expression due to Cheong et al [11] integrated over the high 
frequency bandwidth (Eq (  6.2.3 2)). 
 
 
Figure   6.2.3 2   Variation of average sound power with 
integral length scale, below  c f  Eugene P. Deane  EngD Thesis September 2009  102 
 
Figure   6.2.3 3   Variation of average sound power with integral length scale, above fc 
 
In the high frequency bandwidth the sound power increases for small Λ initially, and then peaks for 
approximately Λ = 0.012. The power then decreases at a constant rate approximately proportional to 
8 . 0 − Λ . The sound power spectra calculated from the integrated equation of Eq (  6.2.3 1) provides a 
reasonable approximation to the variation in sound power in the high frequency band, particularly for 
the  upstream  propagating  sound  power.  The  differences  seen  between  the  cascade  model  and 
integrated  sound  power  spectra  may  be  due  to  inaccuracies  in  the  function  ( ) θ , M F
±  which  was 
derived by a polynomial curve fit through predicted data. The length scale that maximises the sound 
power at high frequency is obtained from the minimum value of Eq (  6.2.3 2). 
 
The length scale variation for low and high frequency limits can be investigated further by further 
rearranging terms of Eq (  6.2.3 1 unrelated to turbulence length scale and frequency: 
( ) ( )
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where  W St Λ = Λ 1 1 , ω  and  W St Λ = Λ 2 2 , ω ,  are  the  Strouhal  number  associated  with  the lower and 
upper frequencies. 
 





Λ ∝ P   Eq (  6.2.3 5) 
Therefore 
Λ → P  as  0 → Λ   Eq (  6.2.3 6) 
 
At high frequencies where  1 2 , 1 , >> Λ St , Eq (  6.2.3 4) can be reduced to 
Therefore 
 
These slopes of 
1 + Λ  and 
1 − Λ  for the high and low frequency limits are not reached in Figure   6.2.3 3, 
as the length scale magnitudes investigated do not sufficiently approach these low and high frequency 
limits. 
 
6.3.  Sound Power Scaling Equation 
 
In this section the parametric results obtained in Sections   6.1 and   6.2 are used to deduce regression 
power law equations of the form:  
( ) β α 10 log 10
± ± = PWL   Eq (  6.3 1) 
where α is the power law component for the parameter under consideration and β  is the parameter 












10 log 10 β
β α β δ   Eq (  6.3 2) 
where 1 β  is  the  predictor  parameter  at  the  original  performance  point,  and  2 β  is  the  predictor 
parameter at the desired performance point. The power laws observed in the figures presented in 
Sections   6.1 and   6.2, for Mach number, turbulence intensity, turbulence length scale, number of vanes, 


















P   Eq (  6.2.3 7) 
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frequency, and high frequency is defined as above the critical frequency. Note that the scaling law for 
the number of vanes is at constant chord. 
 
 
Low Frequency  α  High Frequency  α  Prediction Parameter 
β  Upstream     Downstream  +  Upstream     Downstream  + 
Mach Number  3.630  4.360  5.750  6.940 
Turbulence Intensity  2.000  2.000  2.000  2.000 
Turbulence Length Scale  1.001  1.047  764 . 0 560 . 0 − →   780 . 0 532 . 0 − →  
Number of Vanes    0.450   0.200  1.020  0.740 
Vane Chord length  0.000   0.001  0.052  0.000 
 
Table 11   Summary of predictor gradients from first parametric study 
 
The scaling powers summarised in Table 11 allow an increased understanding of the broadband noise 
generated by the cascade model. These are summarised below: 
 
•  The low and high frequency sound powers vary with scaling power laws on either side of the 
classic M
5 scaling. This implies that changes in low and high frequency sound power spectra 
must be considered separately, as opposed to specifying a single scaling law for the entire 
spectrum. Low frequency sound power varies approximately with Mach number to the 4
th 
power which is smaller than the 6
th power law measured by Ganz et al [16]. However high 
frequency sound power does vary approximately with the 6
th power law measured by Ganz for 
fan broadband noise. The results of this investigation highlight the differing behaviour of 
acoustic power spectra at low and high frequencies.  
 
•  The lack of sensitivity of the acoustic power to vane chord length suggests that the rotor stator 
interaction noise generated by the cascade is localised towards the vane blade leading edges.  
 
•  The  variation  in  sound  power  with  turbulent  length  scale  exhibits  the  most  complicated 
behaviour. At low frequencies where the circumferential acoustic wavelength is larger than 
the vane spacing sound power increases proportionally to length scale. At higher frequencies a 
‘worst’ case length scale is identified. This high frequency behaviour is predicted reasonably 
well by the analytic approximation of Eq (  6.2.3 1 
 
•  The lack of a scaling power law for stagger angle shows that the influence of this parameter is 
highly complex. 
 
After their investigation, Ganz et al [16] pose three questions concerning the effect of stator vanes on 
fan  broadband  noise.  These  were  presented  previously  in  Section    3.3.  From  the  results  of  this 
parametric study little sensitivity in sound power is found to both solidity and chord. From the work of 
Cheong et al [11], the peak in the downstream propagating sound power spectra is found to correspond 
to the critical frequency, which is the frequency at which the acoustic mode number is equal to the 
number of vanes. These, and other effects, are predicted successfully by the cascade broadband noise 
model and allowed the derivation of the scaling power laws listed previously.  
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These power laws derived in the first parametric study allow predictions of the change in broadband 
noise due to variations in the aerodynamic and geometric parameters. They are now used in the next 
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7. Variation of Broadband noise with fan stage design 
parameters 
 
The first parameter study of rotor stator broadband noise described in Chapter   6 concentrated on the 
effects of basic geometric and aerodynamic variation on broadband noise. Chapter   7 now describes the 
results  and  procedure  of  a  second  parameter  study  of  the  cascade  broadband  noise  model  that 
incorporates variations in aerodynamic design parameters. These aerodynamic parameters are shaft 
speed, pressure ratio, and efficiency, which are varied while maintaining thrust. These variations are 
performed at three performance points; cruise, cut back and approach. The results included in this 
thesis present the effect of varying fan pressure ratio on broadband noise. Section 7.4.1 of Appendix X 
displays a comparison between narrowband spectra predicted by the noise model and those measured 
on a fan rig test. Also shown in Section 7.4.2 of Appendix X are the effects of varying shaft speed and 
efficiency on broadband noise. 
 
Division of the spectra into low and high frequency regions, as in the first parametric study, is again 
undertaken to allow the behaviour of the predicted sound power to be investigated with variations in 
design parameters. Lastly this chapter will investigate use of the correlations derived as part of the first 
parametric study to predict changes in broadband noise by considering the effects of changes in the 
base wake flow parameters Mach number, turbulence intensity, and turbulence length scale. 
 
7.1.  Preparation of common input conditions to throughflow 
prediction of rotor performance 
 
The  input  parameters,  listed  previously  in  Chapter    6,  to  the  noise  model  are  calculated  using  a 
throughflow CFD solver. This is an axi symmetric flow prediction program, where predictions are 
restricted to radial variations in flow parameters through the engine. The spanwise variation in the 
variables is calculated using non uniformly distributed streamlines. Note that the throughflow program 
cannot compute fan stage performance as the program only tracks streamlines. 
 
The main rotor wake correlating parameter of pressure loss coefficient is calculated by the through 
flow program and converted to wake momentum thickness, using the procedure described in Appendix 
E 1. The rotor wake momentum thickness, in addition to the distance travelled by the wake from the 
rotor trailing edge to the stator leading edge, form the inputs to the rotor turbulent wake correlations 
proposed  by  Gliebe  et  al  [21].  These  correlations  are  used  to  calculate  the  wake  circumferential 
turbulence intensity and length scale that are the turbulence inputs to the broadband noise model. Eugene P. Deane  EngD Thesis September 2009  108 
 
The method of computing the flow variables for each parameter variation is described in the next 
section. 
 
7.2.  Theory of working line modifications and prediction of 
flow parameters for broadband noise parameter study – 
Engine 3 
 
This  section  describes  the  modifications  to  the  throughflow  model  input  and  output  parameters 
necessary to deduce the flow variables for variations in: 
 
•  Fan design speed 
•  Fan design pressure ratio 
•  Fan efficiency 
 
whilst maintaining constant thrust at the three flight conditions: 
 
•  Cruise 
•  Cut Back 
•  Approach 
 
The first of these parameters investigated is the fan design speed. The procedure by which fan speed is 
modified while maintaining constant thrust is now described. 
 
7.2.1. Fan Design Speed 
 
The fan design speed is the speed required to attain a specified performance position, for a fan subject 
to perfect running conditions. In reality the fan speed to attain a performance position may  vary 
slightly. This section describes the procedure used to compute the fan stage parameters including 
blade whirl angles and pressure loss coefficient, for variations in shaft speed while maintaining thrust. 
Note that all other parameters are kept constant in this variation. 
 
Figure   7.2.1 1 displays the cruise, cut back and approach performance positions on a schematic of the 
cruise and sea level static working lines. 
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Figure   7.2.1 1 – Working line modifications with variation of design speed 
 
During this first investigation, when fan speed is varied other fan parameters such as pressure ratio are 
maintained constant. In order to preserve thrust with pressure ratio, while varying fan speed, it is also 
necessary to maintain the same fan diameter (i.e. have the same size of engine). In order to meet these 
restrictions and also maintain the separation behaviour of flow over the fan blades, it is necessary to 
treat  each  performance  point  as  a  different  fan  design  with  different  blade  geometries.  Similar 
separation  characteristics  would  not  be  achieved  by  simply  running  the  same  fan  geometry  at  a 
different shaft speed. 
 
In order to maintain thrust the fan stage must produce the same work. This is achieved by modifying 
the angles in the velocity triangles according to the Euler work equation (Eq (  0 20) in Appendix D 3). 
 
It is assumed that fan losses do not change between performance points. The total range of shaft 
speeds under consideration for all three performance points is: 
 
•  Nominal case   10% 
•  Nominal case   5% 
•  Nominal case 
•  Nominal case + 5% 
•  Nominal case + 10% 
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A number of important angles relating to the flow 
and rotor blade are shown in Figure   7.2.1 2. Here γ1 
is the angle of incoming  flow and η1 is the blade 
leading  edge  metal  angle.  Therefore  the  angle  of 
incidence  of  the  blade  is  1 1 η γ − = i .  The  angle  γ2 
gives the flow exit angle, while η2 denotes the blade 
trailing  edge  metal  angle.  The  flow  does  not  exit 
perfectly from the blade trailing edge and so the flow 
angle  deviation  is  given  by  2 2 η γ δ − = .  Note  that 
changes in η2 are incorporated at the different shaft 
speeds. If the flow deviation δ from the trailing edge is assumed to remain fixed, the changes in 
relative whirl angle between these cases are assumed to correspond to variations in the blade trailing 
edge ‘metal angle’ η2 in order to produce this thrust at the modified shaft speed.  
 
A similar procedure is then followed for the cut back case. The cut back position for nominal shaft 
speed is first performed. The same changes in metal angle identified above, for the variation in cruise 
point shaft speed, are applied to produce the additional cut back shaft performance points. These 
changes in metal angle, when combined with the modified cut back shaft speeds, predict a pressure 
ratio that corresponds to a performance point slightly below the desired cut back point on the sea level 
static line. This is shown by the point marked X below the cut back position in Figure   7.2.1 1. The 
shaft speed is therefore modified slightly to produce the same operating point as the nominal cut back 
case. Here it is assumed that small changes in shaft speed do not modify the rotor relative outlet angle.  
 
As  mentioned  previously,  in  this  investigation  we  seek  to  maintain  the  same  flow  separation 
characteristics over the ‘redesigned blade’. This is equivalent to maintaining constant Diffusion Factor. 
The  diffusion  factor  is  defined  to  relate  directly  to  the  size  of  the  adverse  pressure  gradient 
encountered by the boundary layer on the suction side of the cascade blade. The diffusion factor is 
therefore a direct measure of the likelihood of boundary layer separation, and sudden loss increases 













+ − =   Eq (  7.2.1 1) 
 
where V1 and V2 are average velocities entering and exiting the blade row,  Vθ is the change in whirl 
velocity, and σ is the solidity (c/s).  
 
In order to maintain constant diffusion factor it is necessary to modify the final term in Equation 
  7.2.1 1. This is achieved by adjusting the rotor and OGV chords and hence σ. This provides a new 
 
Figure   7.2.1 2. Angles used in the description of 
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rotor  –  stator  separation  distance  for  input  to  the  turbulence  correlations  (described  in  Table  16, 
Appendix C 3). 
 
Maintaining separation characteristics over the rotor blade while changing the blade metal angles 
means that the wake angle leaving the rotor trailing edge varies accordingly. As mentioned in Chapter 
5, a requirement of the cascade broadband noise model is that the rotor wake strikes the vane leading 
edges perfectly, with no angle of attack. It is therefore necessary to modify the stagger angle of the 
vane cascade to match the changes in rotor wake angle. The effect of this limitation on the resulting 
broadband noise predictions is discussed further in Section 7.4.2, of Appendix X. 
 
This operation was also repeated for all shaft speeds at the approach condition. The tabulated results of 
this procedure can be seen in Section 7.2.1 of Appendix X. 
 
7.2.2. Fan Design Pressure Ratio 
 
This section describes the procedure used to calculate the fan performance parameters for variations in 
fan pressure ratio while maintaining constant thrust, and constant shaft speed and efficiency. The five 
different pressure ratios calculated at cruise, cut back and approach are: 
 
•  Nominal – 0.05 
•  Nominal – 0.02 
•  Nominal 
•  Nominal + 0.02 
•  Nominal + 0.05 
 
Figure   7.2.2 1 shows a working line schematic which graphically indicates the procedure used to vary 
the fan performance characteristics during in the pressure ratio investigation of broadband noise. The 
procedure is described below. 
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Figure   7.2.2 1 – Working line modifications with variation of design pressure ratio, not to scale 
 
For  the  initial  case,  consider  the  variation  of  pressure  ratio  at  the  cruise  point.  A  throughflow 
performance model was run for the nominal cruise point and the thrust calculated from the product of 
the  bypass  mass  flow  and  jet  velocity.  The  throughflow  code  was  then  used  to  calculate  the 
aerodynamic parameters for the cruise point at the different pressure ratios listed previously. 
 
This procedure is now illustrated by example. Consider for example a point on the working line 
diagram of reduced pressure ratio with the same cruise mass flow, point (1) in Figure   7.2.2 1, with a 
pressure ratio of, for example, the nominal pressure ratio – 0.02. The thrust is calculated at this point. 
In order to maintain the same thrust while modifying the pressure ratio it is necessary to scale the fan 
area. The scaling of fan area required to provide the nominal cruise thrust for the new pressure ratio 
can be calculated from the ratio of the nominal and new thrust values. 
 
Again, the whirl air angles are extracted at this performance point. As for the shaft speed variation, 
assuming that the flow deviation through the fan remains fixed then the changes in these whirl air 
angles give the corresponding changes in rotor blade metal angles. 
 
The difference in mass flow function  P T M  between point 1 and the cruise working line is then 
determined as a fraction of the mass flow (marked  % x    on Figure   7.2.2 1). This ratio is assumed to 
be constant for the corresponding cut back and approach cases.  
 
In summary, the information obtained for each pressure ratio variation at cruise is: 
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•  Change  in  flow  whirl  angle  between  the  nominal  cruise  performance  point  and  each 
alternative pressure ratio point. This is used to give equivalent metal angle changes at cut back 
and approach. 
 
•  Area ratio required to maintain constant thrust at each alternative pressure ratio point. This 
provides new target thrusts for each pressure ratio variation at cut back and approach. 
 
•  Difference in mass flow function as a fraction of mass flow. This is used to locate the working 
line of each alternative pressure ratio point. 
 
Now  consider  the  variation  of  pressure  ratio  at  cutback.  First,  fan  performance  and  behaviour  is 
calculated for the nominal cutback position. For variations of pressure ratio, while maintaining thrust 
at the cut back position, consider as an example a performance point on a lower pressure ratio working 
line. This target is a point with the same thrust as the original cut back point, after area scaling. Point 
(3) on Figure   7.2.2 1 is this desired final point lying on the line of constant thrust. Continuing the 
cruise example, assume this is the nominal cutback pressure ratio – 0.02. 
 
The same mass flow fraction  % x    calculated for point (1) is added (in this case) to the cut back mass 
flow position on the Sea Level Static (SLS) working line. This defines the new working line (dashed 
blue line in Figure   7.2.2 1). The target performance position at cut back is then initially calculated 
with the same fan speed and flow, using the modified metal angles derived for point (1) from the 
cruise case. This procedure generates performance points that do not lie exactly on the modified line 
of constant thrust (dashed blue line). For example a reduction in pressure ratio produces point (2), a 
point below the line. 
 
Reductions in pressure ratio at the same thrust are therefore achieved in summary by modifying the 
shaft speed, mass flow, and pressure ratio. To compute the new point we initially assume that the mass 
flow rate is the same as that of the original nominal cut back case. An initial pressure ratio estimate of 
point (3) is also calculated using an approximate fit to the cutback working line. The final mass flow 
rate and rotor pressure ratio are then calculated using an iterative procedure to compute a final solution 
that provides the target thrust of (3). Once the thrust solution has converged the mass flow rate of 
point (3) is extracted. The final cut back performance result is then computed for this flow using the 
same  metal  angle  changes  from  cruise.  Again  the  final  result  is  slightly  below  the  target  point, 
requiring a small change in shaft speed to meet the target pressure ratio exactly. This small change in 
shaft speed does not have a large impact on the accuracy of the final performance point. 
 
This  procedure  is  then repeated  for the additional cut back  points  and approach  cases. Tabulated 
results for the pressure ratio procedure can be seen in Section 7.2.2 of Appendix X. 
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7.2.3. Fan Efficiency 
 
Changing the rotor efficiency at constant thrust will change the rotor loss by modifying the outlet 
pressure, while keeping the swirl velocity and angles constant. The pressure loss coefficient variation 
with radius can be altered incrementally in the throughflow code, which in turn varies efficiency. 
Tabulated results for the efficiency procedure can be seen in Section 7.2.3 of Appendix X. 
 
7.2.4. Schematic  of  fan  working  lines  with  variation  of  fan 
performance variables marked 
 
Figure   7.2.4 1 displays a schematic of the fan working lines with normalized pressure ratio and mass 
flow axes. The performance positions generated by the procedures used for the different parameter 
variations are marked by ‘□’, ‘○’ and ‘◊’. Variation of shaft speed or efficiency, while maintaining 
thrust should generate points which lie on the default pressure ratio and mass flow position at cruise, 
cutback, and approach. A small variation is seen in the location of the efficiency cases marked at 
cutback.  The  variation  of  pressure  ratio  should  generate  a  vertical  line  of  points  at  each  flight 
condition,  corresponding  to  a  variation  in  pressure  ratio  with  constant  mass  flow.  Again  a  small 
amount of deviation in the pressure ratio positions from the vertical is seen at cutback and approach, 
although it is unlikely to have a large influence on the accuracy of the results. 
 
 
Figure   7.2.4 1   Schematic of fan working lines with parameter study cases overlaid,  
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The investigation described thus far concentrates on the Engine 3 fan, which has considered parameter 
variations at constant thrust around three fan performance points of cruise, cutback, and approach. In 
addition the modelled broadband noise of the Engine 2 fan is also considered, to provide an additional 
results set to validate the noise spectra predicted by the broadband noise model.  
 
The results shown below are those of the Engine 3 fan, with variations in broadband noise predicted 
for changes in pressure ratio. Results for Engine 3 broadband noise variation with shaft speed and fan 
efficiency, and Engine 2 validation results can be seen in Section 7.3, Appendix X. 
 
7.3.  Results  of  investigation  into  the  effects  on  broadband 
noise of varying fan design parameter 
 
This section presents the results of an investigation into the effect on broadband noise of varying 
pressure ratio on Engine 3, while maintaining thrust. The scaling power laws from the first parametric 
study are then used to predict the change in broadband noise between different performance points of 
both fans and compared with the exact prediction. 
 
7.3.1. Variation  of  low  and  high  frequency  sound  power  with  fan 
performance variable 
 
This section considers the effect of varying pressure ratio on broadband noise. The study is based 
around the Engine 3 fan. As seen in Chapter   6, the predicted sound power spectra are split into high 
and low frequency bands above and below the critical frequency. The variation of sound power in 
these low and high frequency bands due to variations in the engine design parameter are predicted. For 
all  cases  the  low  frequency  band  includes  frequencies  between  285Hz  and  1436Hz.  The  high 
frequency band includes frequencies between 5747Hz and 9122Hz.  
 
Cruise,  cut back  and  approach  results  are  derived  for  all  low  frequency  bands  below  the  critical 
frequency. The flow Mach number onto the OGVs is insufficient in the approach case to produce a 
predicted spectrum which extends above the critical frequency (c.f. with Figure   6.2.1 1). Therefore, 
only cruise and cut back results are displayed for the variation in the high frequency band. Eugene P. Deane  EngD Thesis September 2009  116 
 
a – Below the critical frequency 
 
 
b – Above the critical frequency 
Figure   7.3.1 1 Variation of sound power with fan pressure ratio 
 
Figure   7.3.1 1a shows the variation of low frequency sound power with pressure ratio. It indicates that 
increasing fan pressure ratio while maintaining thrust and shaft speed increases broadband noise. The 
increase is greatest for the approach case, whereby there is a rise in noise level of approximately 4dB 
for an  increase  in  pressure  ratio  of 0.1.  Increasing pressure  ratio  at  cut back  or  cruise  causes  an 
increase of approximately 1dB in noise level for an increase in pressure ratio of 0.1. This behaviour is 
in agreement with the behaviour observed in the measurements of Ganz et al [16] who measured a Eugene P. Deane  EngD Thesis September 2009  117 
3dB increase in noise for a 10% increase in pressure ratio. Atassi and Vinogradov [9] also predicted 
that increasing the loading on a cascade of stator vanes increased the broadband noise generated. 
 
The variation of high frequency sound power with pressure ratio can be seen in Figure   7.3.1 1b. Again 
this figure suggests that increasing the pressure ratio causes an increase in sound power. In order to 
further  understand  this  behaviour  it  is  necessary  to  consider  variations  in  individual  rotor  wake 
parameters, such as turbulent length scale and turbulence intensity. These changes in wake parameters 
are the cause of the change in broadband noise due to changes in pressure ratio, and provide further 
insight into which wake parameters are the major noise generators. A full breakdown of the wake 
parameters for this can at cutback can be seen in Section 7.4.2.4 of Appendix X, only the variation of 
flow Mach number onto the OGVs due to changes in fan pressure ratio is shown here in Figure 
  7.3.1 2. 
 
Figure    7.3.1 2  shows  that  the 
Mach number of the wake striking 
the  OGVs  reduces  as  pressure 
ratio  reduces.  This  may  explain 
the reduction in sound power with 
pressure  ratio,  though  whether 
Mach  number  is  the  dominant 
sound  power  control  mechanism 
is  investigated  in  the  following 
section. 
 
The  following  section  uses  the 
scaling power laws shown in Table 11, and changes in turbulence intensity, turbulence length scale 
and Mach number, to predict the change in broadband noise between two performance points. 
 
7.3.2. Prediction using power laws of first parametric study 
 
The correlation power laws listed in Table 11 can be used to predict the variation in broadband noise, 
provided  changes  in  flow  parameters  are  known.  If  the  broadband  noise  spectrum  at  an  initial 
performance point is known, the broadband spectrum at a second point can be estimated according to 
Eq (  7.3.2 1) below. This would allow a first estimate of the broadband noise for a new fan design 
without requiring the noise model to be run. 
 
 
Figure   7.3.1 2 Variation of Mach number with pressure ratio at 




























  Eq (  7.3.2 1) 
 
The summation over i denotes summation over the number of radial strips. The sound power deltas for 
each strip due to changes in a particular parameter can be calculated using Eq (  6.3 2). 
 
Several results cases are chosen to represent the changes most likely required by an industrial fan 
design change.  
•  a   Engine 3 fan at cutback, from nominal pressure ratio   0.05, to nominal pressure ratio + 0.05 
•  b   Engine 3 fan between cutback and cruise flight positions 
•  c   Engine 2 fan on an individual working line between 65% and 95% maximum shaft speed 
•  d   Engine 2 fan between working line 5, 70% maximum shaft speed, and working line 3, 95% 
maximum shaft speed 
 
Figure   7.3.2 1 displays the predicted third octave sound power changes in rotor stator interaction 
broadband noise for the first of the four flight cases (case a) defined above to illustrate the predictive 
capability of the scaling power laws. Cases b, c, and d can be seen in section 7.4 of Appendix X. The 
initial spectrum is the modelled spectrum for the initial flight case. This initial spectrum acts as the 
baseline to which the predicted change in noise is added in an attempt to accurately predict the target 
noise spectrum. The target noise spectrum is also modelled using the full noise model. 
 
Individual predicted spectra are estimated using the scaling power laws presented in Section   6.3 for 
the flow predictors of Mach number, turbulence intensity, and turbulent length scale. A scaling power 
law could not be derived for changes in stagger angle. Individual predicted spectra trace the estimated 
‘target’ spectra calculated using turbulence intensity, turbulent length scale, and Mach number. An 
additional spectrum is produced tracing the sum of the predicted changes due to these three flow 
predictors, as shown in Figure 7.3.2 1. 
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Figure   7.3.2 1 – Prediction of change in broadband noise between two flight performance positions 
 
The  change  in  sound  power  predicted  by  the  turbulence  intensity  and  length  scale  provides  the 
smallest change to the sound power level of the initial spectrum. This is due to the relatively small 
changes in pressure loss coefficient between the initial and target predicted flight positions shown in 
Section 7.4.2.4 of Appendix X, and suggests that relying on this source for estimation of turbulence 
parameters  does  not  take  additional  turbulence  structures  into  account.  For  example,  the  Gliebe 
correlations use the same correlations whether for the hub, tip, or mid span fan positions, including 
any flow structures present at these radial positions. The flow Mach number is the dominant flow 
predictor, particularly at higher frequencies above 5kHz (rig scale). This will be discussed further 
below. 
 
Generally  the  most  accurate  predicted  spectrum  is  that  produced  by  summing  the  three  flow 
predictors. This estimated spectrum is most accurate over the widest range of frequencies, including at 
lower frequencies. However, the sound power changes calculated using the scaling power laws are 
based on the spectral shape of the initial spectrum. Therefore the estimated spectra display the same 
spectral distribution as the initial spectrum. 
 
The  following  section  discusses  these  results,  including  the  disparity  between  the  estimated  and 
calculated target spectra at lower frequencies. 
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7.4.  Discussion on second broadband noise parametric study, 
and use of scaling power laws for sound power prediction 
 
Results  of  the  second  parametric  study  show  that  the  effect  of  varying  fan  pressure  ratio,  while 
maintaining thrust, is intuitive. As pressure ratio increases then sound power increases. Results for the 
variation in sound power due to changes in shaft speed, and fan efficiency, at a constant thrust, are 
shown in Appendix X. 
 
In  order  to  understand  why  sound  power  behaves  in  this  way,  individual  flow  and  geometric 
parameters were analysed, with the majority of these analysis results shown in Section 7 of Appendix 
X. This analysis suggests that the flow Mach number onto the OGV cascade is the largest contributor 
to changes in the generated broadband noise, and increasing shaft speed while maintaining thrust 
reduces broadband noise by virtue of reducing the absolute Mach number onto the OGVs.  
 
Using the sound power scaling laws derived during the first parametric study for the flow parameters 
also reinforce the suggestion that Mach number is the largest contributor. Estimation of the sound 
power changes using these flow scaling laws provides good accuracy at higher frequencies (above 
approximately 5kHz). However, these laws account for approximately one third of the calculated 
sound power change at lower frequencies below 5kHz. There are a number of possible explanations 
for this inaccuracy.  
 
That the inaccuracy occurs at low to mid frequencies suggests that some larger flow structures (in 
terms of characteristic length scale) are not taken into account in the model. This may be due to the 
throughflow code used to predict the fan behaviour for these flight positions. As a two dimensional 
code then three dimensional structures and separations cannot be modelled correctly and their impact 
will not be taken into account. This would have a larger effect on the Engine 2 fan modelled results, as 
seen in Appendix X. The larger changes to OGV stagger angle in the tip region are a consequence of 
larger changes in rotor tip turning and rotor wake whirl angles. 
 
This problem with the capture of larger scale structures extends to the Gliebe correlations used to 
provide the turbulent input to the cascade model. These correlations are applied at all radial positions, 
whether in the clean flow of the rotor mid span wake, or near the rotor tip where there may be large 
turbulent  boundary  layer  eddies  and  boundary  layer tip  vortex  interaction.  Application  of  the 
correlations in this region may require some empirical correction of turbulence intensity and length 
scale,  both  of  which  show  little  variation  despite  the  fan  performance  changes  of  the  different 
investigated flight positions. 
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Finally, the effect of changes in stagger angle was not taken into account correctly. The cascade model 
assumes the incoming flow strikes the OGV cascade leading edges perfectly, and is unable to consider 
any angle of attack. During the first parametric study a scaling power law for stagger angle could not 
be  derived.  This  suggests  that  the  stagger  angle  effect  is  not  separable,  and  interacts  with  other 
parameters. Appendix X shows that the Engine 3 stagger angle changes by four degrees over the total 
range of shaft speeds considered. However, from (Figure   6.1.3 3) in Section   6.1.3 we can see that a 
change in stagger angle of four degrees can cause an increase in low frequency sound power of 
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8. Variable Area Nozzle study 
 
In this chapter we investigate the noise reduction benefits of a variable area nozzle. A Variable Area 
Nozzle (VAN) is an exhaust nozzle whose diameter can be modified adaptively for different flight 
positions, thereby producing the most efficient overall engine design at the requisite performance point. 
In addition to noise control, possible benefits include reduced specific fuel consumption, increased 
thrust, and control of turbine entry temperature. Such nozzles currently exist on military aircraft with 
afterburner  equipped  engines  to  improve  performance.  The  variable  area  nozzle  allows  a  greater 
degree of exhaust jet expansion control. Typical afterburner control nozzles can be seen on the EJ200 
engines of the Eurofighter Typhoon, shown below in Figure   8 1. 
 
 
Figure   8 1 – Eurofighter EJ200 exhaust nozzles 
This photograph is reproduced with the permission of Rolls Royce plc, copyright © Rolls Royce plc 2006 
 
This variable area nozzle is controlled by overlapping petals that contract and expand the nozzle area. 
While this method of area control is structurally strong, the weight penalty for a civil airliner is 
prohibitive. The use of variable area nozzles as applied to civil engine performance improvement 
could therefore benefit from novel control technologies such as shape memory alloys. This technology 
is currently attracting the attention of major aero engine manufacturers and research institutes. Figure 
  8 2 displays the implementation of a variable area nozzle constructed of overlapping plates proposed 
by NASA. The nozzle area is adapted by use of shape memory alloys. 
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Figure   8 2 –Reduced area configuration of the variable area exhaust nozzle after the shape memory alloy 
wires are electrically heated [56] 
 
In this chapter we investigate the effect of nozzle area variations on aircraft noise sources, including 
total aircraft and engine noise, jet and installation noise, fan forward and rearward noise, and turbine 
and core noise. Only bypass (‘cold’) nozzle area changes will be considered during this study. Core 
(‘hot’) nozzle changes are not considered. The noise changes in changing nozzle area are predicted 
using an in house aircraft and engine noise prediction tool, hereafter referred to as the ‘noise model’. 
 
Within this chapter the term ‘delta’ is used to signify an absolute dB change in noise source level. 
 
Noise source level predictions are presented in terms of Effective Perceived Noise Level (EPNL), in 
decibels calculated using the noise model. This is an internationally recognised unit for describing the 
noise of a single aircraft operation (e.g. approach) as experienced at one position on the ground. EPNL 
is a single number that includes tone corrections and duration effects, and is the standard unit for use 
in engine certification procedures. 
 
The noise model consists of a number of empirically derived correlations and databases that predict 
engine and aircraft noise at various certification flight positions from a limited number of engine 
parameters. These have been derived using a combination of engine and rig scale test results. The 
noise model uses as input several noise correlating parameters, for example fan tip relative Mach 
number MRel, normalized turbine speed ( ) Turbine T N / , and mixed jet velocity
5 VM.  
 
As well as acting as a noise model correlating parameter, the fan tip relative Mach number MRel is also 
used in the prediction of the fan rig noise deltas, i.e. the change in noise level due to a change in 
nozzle exhaust area. The noise model ‘correlates’ fan noise sources such as broadband or buzz saw 
                                                 
5 Mixed jet velocity VM is defined as the mean velocity on the axial centreline of the jet when both the hot and 
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noise primarily on MRel, and therefore does not include the effects of changes between working lines. 
In order to include the effects of a change in working line (at a fixed MRel) it is necessary to introduce 
an additional correction that is derived from fan rig noise measurements. The method for predicting 
fan rig noise source changes to include this working line effect is described fully in Section 8.3.1 of 
Appendix X, only broad details are given in this main body of the thesis. 
 
The aerodynamic performance calculations of the engines under investigation are performed using an 
in house  performance  model,  hereafter  referred  to  as  the  ‘performance  model’.  This  performance 
model  is  a  1 D  steady  state  model  that  predicts  thermodynamic,  aerodynamic,  and  mechanical 
parameters of the gas turbine. This performance output also forms an input to the noise model. The 
model is used to predict the performance of an average production engine, and can be used for the 
development  of  engine  tests  and  flight  tests.  The  performance  model  is  constructed  using  inputs 
provided for each of the turbo machinery components (such as a compressor blade row or bypass 
exhaust nozzle), and each component can be modified independently. The prediction can be subjected 
to structural, aerodynamic, or performance constraints (e.g. thrust). This performance model provides 
such engine performance parameters as fan pressure ratio and mass flow which can then be directly 
input to the noise model. 
 
Difficulties are anticipated when trying to use the noise model to accurately predict changes in fan 
noise sources. The noise model currently predicts the various fan noise sources based primarily on 
MRel as they are based on measured rig data obtained for fan speed changes along fixed working lines. 
 
However, nozzle area variations whilst maintaining the same thrust result in shaft speed and pressure 
ratio changes. Working line modifications must therefore be included in the noise predictions. A new 
method, described in this chapter has been developed to allow the calculation of these changes in fan 
noise  sources  that  incorporates  these  working  line  variations.  The  modified  method,  described  in 
Section   8.3, separates fan noise changes into two components. One component is due to changes in 
MRel, which are predicted by the noise model, and the other is due to working line changes, which are 
extracted  from  Engine  2  rig  measurements.  The  basis  for  this  modelling  approach  is  written 
symbolically below in Eq (  8 1). For each source we assume that the effects of MRel and working line 
are additive, i.e. 
 
( ) ( ) ( ) WL SPL M n WL M SPL l l   +   =   Re 10 Re log 10 ,   Eq (  8 1) 
 
where  ( ) WL SPL    denotes the change in Sound Pressure Level due to a change in working line, and 
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to a change in MRel. Here we have assumed that the noise changes due to MRel and WL are additive and 
are therefore mutually independent. The validity of this assumption remains to be determined.  
 
Both of these components (Mrel and working line effects) are important, particularly at higher fan 
speeds where the noise levels of the different fan noise sources can change rapidly, as shown in 
Chapter 4 of this public thesis document, and Chapter 4 of Appendix X.  Although there is some 
cancelation, as shown later, it is important to incorporate both effects into the prediction. 
 
8.1.  Objectives and scope 
 
This objectives and scope of this investigation are to: 
 
•  Provide an understanding of the effect of a change in nozzle area on fan noise in the forward 
and rearward arcs, jet and installation noise, and turbine and core noise. 
•  Provide an understanding of the noise sensitivity to engine cycle for three engine types 
 
This study on the noise benefits of a variable area nozzle will be undertaken for the three engines: 
 
•  Engine 1 
•  Engine 3 
•  Engine 4 
at: 
•  Approach 
•  Cutback 
•  Sideline 
•  Cumulative 
Four engine nozzle areas will be modelled: 
•  Baseline – 5% 
•  Baseline 
•  Baseline + 5% 
•  Baseline + 10% 
 
Three nozzle area changes are chosen in addition to the nominal area; nominal area   5%, +5% and 
+10%. These nozzle area changes are chosen as representative of potential realistic changes, and 
include both a decrease and an increase in nozzle area. The following section will present the noise 
results of the variable area nozzle study.  
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8.2.  Procedure for the derivation of engine noise changes due 
to nozzle exhaust area changes 
 
The procedure for the calculation of the changes in noise due to changes in nozzle area, while keeping 
thrust constant, is divided into two parts. A prediction is first made of the engine performance. This 
provides the engine performance cycle information to the noise model, as well as the necessary fan 
variables for the extraction of the fan rig noise deltas. The modified aerodynamic parameters and fan 
noise deltas are then used to make the noise prediction.  
 
The modelled engine performance cycle predicted for each change in nozzle area is assessed to ensure 
that the modified performance is realistic. Both the Engine 4 and Engine 3 engines remained within 
their  operating  limits  for  the  specified  nozzle  area  variations.  However  the  Engine  1  engine 
approached ‘red line’ limits
6 for increases in nozzle area at cutback and sideline, and had difficulty 
meeting the required thrust. This has a significant effect on the Engine 1 performance and noise results 
shown in the following sub sections. Engine 1 noise results must therefore be treated with caution. 
 
As mentioned above the noise model primarily correlates engine noise using the engine correlating 
parameters: MRel, ( )Turbine T N / , and VM. The variation of these parameters with nozzle area will now be 
considered individually. 
 
8.2.1. Variation of fan tip relative Mach number MRel with nozzle area, 
constant thrust 
 
Figure   8.2.1 1 shows the variation of MRel versus percentage nozzle area change for the three engines 
under investigation at the three certification points. As the nozzle area increases the static pressure 
downstream of the fan reduces. The pressure rise across the fan therefore decreases and the fan must 
rotate more rapidly in order to produce the same work, as predicted in Eq (  0 20), Appendix D 3. 
Therefore the fan tip relative Mach number increases with nozzle area, to maintain constant thrust. 
 
                                                 
6 A ‘red line’ limit is an absolute limit of the engine under investigation. This may be a component structural 
limit of torsion or temperature, or the largest gross thrust that can be generated by the engine. Eugene P. Deane  EngD Thesis September 2009  128 
 
Figure   8.2.1 1 – Variation of MRel with nozzle area 
 
Note that the Engine 1 fan speed is much higher than that of the Engine 4 and Engine 3, with a Mach 
number difference of approximately 0.25 for all flight cases. This difference has an influence on the 
derivation of the fan rig deltas in Section   8.3. Overall the increase in MRel is less than 4% over the 
range of nozzle area changes considered. 
 
8.2.2. Variation of turbine speed with nozzle area 
 
The  variation  of  normalized  turbine  speed  ( )Turbine T N /  with  nozzle  area  as  predicted  from  the 
performance model, is shown below in Figure   8.2.2 1. As for fan shaft speed, turbine speed increases 
with nozzle area although actual increases are less than 2%. Again the Engine 1 engine at sideline is 
most sensitive to nozzle area. 
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Figure   8.2.2 1 – Variation in ( )Turbine T N /  with nozzle area 
 
8.2.3. Variation of mixed jet velocity with nozzle area 
 
As stated previously, the mixed jet velocity VM  is the average velocity of the jet when both the hot and 
cold nozzle streams are fully mixed. From conservation of mass, the mixed jet velocity VM decreases 
as nozzle area increases. This is predicted from the performance model, as shown in Figure   8.2.3 1. 
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Figure   8.2.3 1 – Variation of mixed jet velocity with nozzle area 
 
Note that the Engine 1 engine mixed jet velocity is considerably higher than that of the Engine 3 and 
Engine 4 engines. All engines, including the Engine 1, show the same percentage decrease in VM for 
increasing nozzle area. 
 
8.3.  Determination of rig noise changes due to a nozzle exhaust 
area change 
 
A full description of the method used to transfer noise deltas due to exhaust nozzle area changes, from 
rig scale measurements to engine scale noise predictions, can be found in Section 8.3.1 of Appendix X. 
A summary of the method can be found in Section   8.3.1 below. 
 
Note that the procedure used during this investigation should not be used to predict working line 
changes between two completely different engines. In that case the fan is redesigned for each engine, 
in order to accommodate the working line shift in as efficient a manner as possible. 
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8.3.1. Summary of method for calculation of engine fan noise source 
changes using rig noise measurements 
 
 
Figure   8.3.1 1   Variation of fan operating map with exhaust nozzle area variations 
 
Figure   8.3.1 1 displays a schematic of a fan working line, which traces the variation of fan pressure 
ratio and normalised mass flow with shaft speed. A change in either hot (core) or cold (bypass) nozzle 
area, while maintaining thrust, will move any point on this fan working line, as depicted in Figure 
  8.3.1 1. An increase or decrease in hot nozzle area will move the point up and down the working line 
respectively as the shaft speed changes. Cold nozzle area changes, which are under investigation 
within this study, are more complex. 
 
Increasing  the  cold  nozzle  area  reduces  static  pressure  downstream  of  the  fan.  This  reduces  the 
pressure  ratio  required  of  the  fan,  which  in  effect  moves  the  fan  performance  point  onto  a  new 
working line. The increase in cold nozzle area also reduces jet velocity, as shown in Figure   8.2.3 1. In 
order to maintain thrust with this reduced jet velocity, the mass flow through the fan must increase 
( ) V m Thrust & = . The fan must therefore rotate faster, as shown in Figure   8.2.1 1, to drive this increased 
mass flow at the reduced pressure ratio. Therefore this change in fan performance due to the cold 
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This performance change for an increase in cold nozzle area is also shown schematically in Figure 
  8.3.1 2 in which point A1 moves to point A2, along the dashed line of constant thrust. Figure   8.3.1 2 is 
a schematic of the engine operating map
7 for which we would like to derive a noise delta as a result of 
moving from point A1 to A2. The procedure described in Section 8.3.1 of Appendix X predicts the fan 
noise deltas associated with the movement between these two performance points, for each individual 
fan noise source. As explained above, and displayed in Eq (  8 1), this is achieved by separating these 
effects into those due to MRel and those due to working line changes. During this procedure engine and 
rig fan design points are required, and are denoted as AD and BD respectively. 
 
The  following  sub section  describes  the  underlying  method  philosophy.  This  includes  the 
identification of rig performance points that provide ‘equivalent’ fan noise deltas for input to the 
engine noise prediction model. Also listed in Section 8.3.2 of Appendix X, are the formal assumptions 
made that allow the application of this method philosophy. 
 
8.3.2. Method philosophy 
 
Using the new method described above and in Section 8.3.1 of Appendix X, the fan noise effects of 
working line changes are to be provided to the noise model from an external source, namely a fan rig 
noise measurement database. These external rig noise deltas provide a correction to the noise model 
for the incorporation of the effects of working line changes. 
 
Two ‘coordinates’ are required in order to place the engine performance points on the rig operating 
map at points of ‘equivalent noise’. Although absolute rig noise levels at these operating points are 
not equal to engine noise at the same operating points, these points must be placed so the noise deltas 
are the same for both the rig and engine. That is, the change in noise between the two points on the rig 
                                                 
7 An ‘Operating Map’ is simply a diagram of fan working lines and characteristics, for either rig or engine. These 
trace the variation of pressure ratio versus flow for different shaft speeds. 
 
Figure   8.3.1 3 – Rig total rotor characteristics, to 
move from B1 to B2 
 
Figure   8.3.1 2 – Engine total rotor characteristics, to 
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operating map is the same as the noise change on the engine operating map, as shown below in Eq 
(  8.3.2 1). The noise delta can then be transferred from the rig across to the engine noise model directly. 
The first ‘coordinate’ used to locate the rig operating points, is the fan tip relative Mach number MRel. 
The absolute value of MRel is important, as both engine and rig scale fans must generate similar noise 
for the buzz and tone noise sources. 
 
The second coordinate is more subtle. A parameter is required that will follow both rig and engine 
working lines, in order to allow the operating points to be transferred from engine to rig. Rig working 
lines are modified by changing the nozzle exhaust area. This nozzle area acts as the throttle on a real 
engine, and so this parameter is termed the ‘throttle parameter’, denoted ξ. The parameter chosen to 
fulfil this throttle matching role is normalised exhaust mass flow.  
 
If the rig data being used was generated with the same fan design as on the engine, then the point of 
maximum efficiency (the design point) is directly transferable between operating maps. Broadband 
noise is sensitive to fan efficiency. At high speeds the degree of shock swallowing and therefore tone 
and buzz noise depends on the position of the operating point relative to the design point. Therefore 
the second ‘coordinate’ used to place the engine operating points on the rig operating map is the ratio 
of ξ at the operating point in question, to ξ at the design point. 
 
For further information on the method, including a discussion on method accuracy, please see Sections 
8.3.3. and 8.3.4 of Appendix X. 
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9. Variable Area Nozzle Noise Prediction Results 
 
This section will present and discuss selected noise results obtained from the investigation into the 
effect of a variable area nozzle on aircraft noise. Although all calculations were carried out for the 
Engines 1, 3, and 4, only selected illustrative results will be presented below in the main chapter body. 
Additional results will be included in the appendices. 
 
Variable area nozzle predictions will be presented in three levels of detail. The first set of results 
present the variation of total aircraft and total engine noise with nozzle area. Results from Engines 1, 3, 
and 4 will be presented. The effect of a variable area nozzle on the various individual engine sources 
will then be discussed, particularly fan forward and rearward noise. These results will concentrate on 
Engine 3, with additional results displayed for Engine 1 at approach. Finally the variation in forward 
and rearward fan broadband noise with nozzle area is investigated, also for Engine 3. 
 
9.1.  Effect of a variable area nozzle on total aircraft and total 
engine noise 
 
The following section presents results describing the effect of a variable area nozzle on total aircraft 
and total engine noise. It should be noted the approach undertaken in this study is to add a variable 
area nozzle to an ‘existing’ engine whose cycle is already pre determined. An alternative approach 
would be to redesign the engine cycle to provide the greatest benefit for a change in nozzle area at 
each flight  case. This  second  approach  may  extract  larger  noise  benefits  from  an  engine  using  a 
variable area nozzle, however this second approach is outside the scope of this thesis. 
 
9.1.1.  Noise sensitivity of total aircraft noise to variations in nozzle 
area 
 
This section considers the effect of a variable area nozzle on total aircraft noise, corresponding to the 
sum of airframe noise and total engine noise.  
 
The figures  below  show  the  variation  of  total  aircraft  noise  with  nozzle  area  for  the  three  flight 
conditions. Figure   9.1.1 1, Figure   9.1.1 2, and Figure   9.1.1 3 show the results for Engines 1, 3, and 4 
respectively. In these figures the ‘cumulative’ column denotes the summation of noise changes for 
each  area  at  approach,  cutback,  and  lateral.  The  ‘Cumulative  Best  Areas’  column  denotes  the Eugene P. Deane  EngD Thesis September 2009  136 
summation of the noise deltas at each flight condition that provide the largest improvement, regardless 
of nozzle area. 
 
 
Figure   9.1.1 1 – Variation of total aircraft noise with variable area nozzle, Engine 4 
 
Figure   9.1.1 1 predicts that the largest improvement for Engine 4 occurs at the sideline condition, with 
a benefit also at cutback. The most beneficial nozzle area at sideline and cutback is the +10% nozzle 
area change. Any nozzle area change at approach generates a noise increase. This is most likely due to 
the increasing shaft speed that is a consequence of an increase in nozzle area. Any reduction in nozzle 
area causes a noise increase on Engine 4, this is most likely due to the increase in jet velocity caused 
by a reduction in exhaust flow area, though individual engine noise sources must be investigated for 
confirmation of this assumption. For Engine 4 the cumulative best area changes are +10% at lateral 
and cutback, and the datum nozzle at approach. The maximum EPNL benefit predicted for Engine 4 is 
approximately 0.95dB. 
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Figure   9.1.1 2 – Variation of total aircraft noise with variable area nozzle, Engine 3 
 
Figure   9.1.1 2 shows the variation of total aircraft noise with variable area nozzle for Engine 3. It 
shows that Engine 3 also benefits in noise for larger nozzle areas at lateral and cutback conditions, 
though the most beneficial nozzle area is a +5% nozzle area change. Noise reductions are less than 
those predicted for Engine 4. A reduction in nozzle area is predicted to be detrimental at the lateral and 
cutback conditions, though this has no effect on noise generated at approach. For Engine 3 the changes 
most profound for a +5% nozzle area increase are at lateral and cutback, and the datum nozzle area at 
approach, providing a predicted noise benefit of approximately 0.6dB. 
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Figure   9.1.1 3 – Variation of total aircraft noise with variable area nozzle, Engine 1 
 
Figure   9.1.1 3 shows the variation of total aircraft noise with variable area nozzle for the Engine 1 
engine.  In  interpreting  these  results  it is important to  remember  that  noise  at the approach  flight 
position is predicted with fan rig noise deltas, while cutback and sideline were predicted with shaft 
speed change alone. Therefore only the approach flight case results are predicted with a complete 
input data set. 
 
An interesting result obtained from the Engine 1 study in Figure   9.1.1 3 is that large noise benefits are 
predicted for the approach case. No noise benefit at approach is predicted for either Engines 3 or 4 for 
any nozzle area variation.  
 
Shaft speed is expected to increase for an increase in nozzle area in order to produce the required 
thrust when the rotor generates a reduced pressure rise. This increase in shaft speed is seen from 
Figure   8.2.1 1 to be the case for all three engines, and would suggest that predicted noise behaviour 
should also be similar between the three engines. One can therefore postulate that this difference in 
prediction behaviour between the three engines at approach, is likely due to the fan rig noise deltas 
derived for Engine 1. The higher fan tip relative Mach number of Engine 1 generates matching rig 
positions that are located higher on the Engine 2 fan rig working lines (Figure 8.3.4 3 of Appendix X) 
than those of Engine 3 (Figure 8.3.4 2 of Appendix X) or Engine 4. As described in Section   8.3, these 
engine  positions  are  overlaid  onto  the  rig  data  using  Mrel  and  throttle  parameter  ξ  as  matching 
parameters. Contrasting Figure 8.3.4 3 of Appendix X with Figure 8.3.4 2 of Appendix X, one can see Eugene P. Deane  EngD Thesis September 2009  139 
that the circles and squares denoting the positions for Engine 1 at approach, are in the vicinity of the 
BM and B2 marker positions for Engine 3 at cutback.  
 
This may explain the improvement in noise levels for Engine 1. In this mid region of the operating 
map many rig noise sources reduce in magnitude with reductions in fan pressure ratio, as seen in 
Section   4.4. The matched BM and B2 rig positions of Engine 1 therefore provide rig noise deltas of 
larger magnitude than those of Engines 3 or 4 for the approach flight position. This will be considered 
further below, when the effect of a variable area nozzle on individual engine sources (Section   9.2) are 
investigated.  
 
At cutback and sideline, however, Engine 1 noise predictions are markedly different from the Engines 
3 and 4 noise predictions. This is most likely due to the limitations met in deriving correct fan rig 
noise deltas.  
 
The results for all three engines show a large degree of sensitivity to reductions in nozzle area of  5%. 
This  suggests  that a  physical  variable area  nozzle  need  only  be  designed  to provide increases in 
exhaust area. The ‘best areas’ cumulative total engine noise benefit for the Engine 4 engine is 0.9dB, 
0.7dB for the Engine 1, and 0.6dB for the Engine 3 engine. The largest benefits seen for the Engine 4 
and Engine 3 are found at sideline, although different nozzle areas provide this benefit for each engine.  
 
9.1.2. Effect of variable area nozzle on total engine noise 
 
Total aircraft noise is calculated by the noise model as the addition of total engine and airframe noise. 
Figure   9.1.2 1 below presents the variation of total engine noise with nozzle area variation for Engine 
3 at the three noise certification points. Eugene P. Deane  EngD Thesis September 2009  140 
 
Figure   9.1.2 1 – Variation of total engine noise with variation in nozzle area, Engine 3 
 
Comparing Figure   9.1.2 1 with Figure   9.1.1 2 for Engine 3 reveals that only noise magnitudes and not 
their  relative  importance  are  affected  by  nozzle  area  changes,  with  overall  behaviour  remaining 
comparatively constant. The noise reductions due to nozzle area change are larger for the engine alone. 
Total aircraft noise reductions are reduced by the addition of airframe noise. This is highlighted most 
markedly in the engine noise results of the approach case for Engine 3, where a reduction in noise is 
found for a smaller nozzle area. 
 
Comparing  the  noise  prediction  of  Figure    9.1.1 2  for  total  aircraft  noise,  with  Figure    9.1.2 1 
displaying total engine noise, shows that the changes in noise levels between total aircraft and total 
engine noise levels are small. However, the inclusion of the airframe noise contribution is sufficient to 
mask any improvement in the approach flight case found for a reduction in nozzle area. It is therefore 
important to consider both sets of predictions, total engine noise should not be considered alone. This 
example highlights the importance of working with the air framer in future studies. 
 
In order to more completely understand the noise effects of a variable area nozzle it is necessary to 
investigate  the  sensitivity  of  individual  engine  noise  sources  to  a  variable  area  nozzle.  This  is 
undertaken in the following section. 
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9.2.  Variation of noise source levels with nozzle area variation 
 
This section will consider the effect of a variable area nozzle on fan forward and rearward engine 
noise sources, to gain further understanding of the variations seen previously. Results displayed will 
concentrate on those of the Engine 3 engine, which will be shown for approach, cutback and sideline. 
 
9.2.1. Engine 3 noise sources 
 
The predicted variation of Engine 3 fan forward and rearward noise at approach, cutback, and sideline 
can be seen below in Figure   9.2.1 1. These noise changes are due to nozzle area changes from the 
nominal baseline nozzle geometry. The absolute noise levels of the subsources can be related to each 
other and additional engine noise sources by referring to Figure   3.1 2 in Section   3.1: 
 
Figure   9.2.1 1 – Variation of in flight subtotal noise sources, Engine 3 
 
From Figure   3.1 2 the airframe noise source at the approach condition is predicted to be only slightly 
more quiet than the engine noise source, this is also true for Engine 3. Airframe noise is insensitive to 
variations in nozzle area, and acts to weaken the sensitivity of any noise variations due to changes in 
nozzle  area.  Fan  forward  and  rearward  noise,  are  the  dominant  engine  sources  for  Engine  3  at 
approach. Although fan forward noise at approach is relatively insensitive to nozzle area changes, fan Eugene P. Deane  EngD Thesis September 2009  142 
rearward noise is predicted to increase by a small degree with nozzle area. This is most likely due to 
the increase in shaft speed, which is a consequence of an increase in nozzle area in order to maintain 
the specified constant thrust. The small increases in fan rearward noise is sufficient to cause the small 
increases in total engine noise for Engine 3 at the approach flight case. This is despite the reduction in 
jet noise caused by the larger nozzle area. 
 
The Engine 3 noise source balance at cutback is clearly different than for approach, and shows much 
greater sensitivity to variations in nozzle area. For Engine 3 noise results at cutback, fan rearward 
noise again shows relatively large increases in noise for nozzle area increases. Jet noise is also an 
important contributor, from Figure   3.1 2 the jet noise source is seen to be louder than the fan noise 
source at departure. The jet noise source displays a consistent decrease in noise level for increasing 
nozzle area. This is due to the reduction in the mixed jet velocity caused by a larger nozzle exhaust 
area. Fan forward noise exhibits a large noise increase for the  5% nozzle, and a slight noise increase 
for the +10% nozzle area relative to the +5% nozzle area changes. This suggests that increasing the 
nozzle area beyond optimum will have a detrimental effect on fan forward noise. The reduction in jet, 
installation, and fan forward noise with a +5% increase in nozzle area are sufficient to generate the 
small improvements seen for total engine noise. 
 
The three dominant noise sources for Engine 3 at sideline are the fan forward, fan rearward and jet 
noise sources. Jet noise is consistently reduced by increasing nozzle area, due to the reduction in 
mixed jet velocity. Fan rearward noise levels are predicted to increase with nozzle area. The behaviour 
of fan forward noise is again complex, showing no variation for smaller nozzle areas, before reducing 
for larger nozzle areas. The largest noise reduction is found for the +5% nozzle area change. The 
reductions in total engine noise for the sideline case appear to be mostly due to reductions in jet noise. 
As for the cutback flight case, the noise increases predicted for fan rearward noise at the sideline flight 
case, act to offset this noise improvement, thereby reducing potential benefits for increases in exhaust 
nozzle area. 
 
The results of all three flight cases suggest that overall noise levels are extremely sensitive to fan noise 
changes at all three flight conditions. As the fan noise changes are strongly reliant on the rig noise 
deltas calculated from the Engine 2 data set using the method outlined in Section   8.2, by extension the 
total engine and total aircraft noise levels are also sensitive to the accuracy of these derived deltas. 
This highlights the necessity of using accurate rig noise deltas when attempting to model the noise 
effects of variable area nozzles. The following section considers the effects of exhaust nozzle area 
variation on noise sub sources, specifically fan forward and rearward noise sub sources. 
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9.2.2.  Engine noise changes for Engine 1 at the approach flight case 
 
Several engine noise sources for Engine 
1  at  approach  are  presented  in  Figure 
  9.2.2 1. 
 
Apart from the large noise increase in fan 
forward  noise  for   5%  nozzle  area,  the 
fan  forward  and  fan  rearward  noise 
sources display little sensitivity to nozzle 
changes.  As  for  Engine  3,  jet  noise 
decreases  consistently  with  increasing 
nozzle area. 
 
Unlike Engine 3 seen above, the Engine 
1 noise model predicts a total engine noise reduction for the approach certification point. This is most 
likely due to differences in the fan noise deltas for these engines, extracted from the Engine 2 rig noise 
database. The higher fan tip relative Mach number of Engine 1 means that deltas for this engine are 
extracted from a different region of the Engine 2 rig operating map in terms of mass flow and pressure 
ratio (Figure 8.3.4 3 of Appendix X), compared to Engines 3 and 4 (Figure 8.3.4 2 of Appendix X). 
The engine positions are therefore in a region where a larger degree of variation in noise sources 
occurs, and so the Engine 1 matched rig deltas behave differently to those extracted for Engine 3. 
 
The following section discusses the influence of varying nozzle area on the fan forward and rearward 
broadband noise of Engine 3. 
 
9.3.  Engine 3 broadband noise subsources 
 
Figure   9.3 1 below displays the variation in fan forward and rearward broadband noise for Engine 3. 
The variation in the broadband noise subsource is investigated to see whether the behaviour is similar 
to that found during the second parameteric study of fan design parameters. 
 
 
Figure   9.2.2 1   Variation of in flight subtotal noise sources, 
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Figure   9.3 1 – Variation in forward and rearward fan broadband noise for Engine 3 
 
Fan  broadband  noise  at  approach  exhibits  little  sensitivity  to  variations  in  nozzle  area  over  the 
complete range of nozzle areas. The variation of broadband noise at the cutback and sideline flight 
conditions exhibit a much higher degree of sensitivity to nozzle area increase. 
 
At cutback and sideline, fan forward broadband noise varies in the opposite sense to fan rearward 
broadband noise. Noise reductions are predicted for fan forward broadband noise with increasing 
nozzle area, while fan rearward broadband noise increases for the same nozzle area changes. This is in 
agreement with the overall fan forward and rear noise variations seen in Figure   9.2.1 1. 
 
As for the total fan forward noise, increasing the nozzle area beyond a 5% area increase, reduces the 
noise benefit. This suggests that increasing the nozzle area beyond optimum will reverse any benefits 
uncovered by moderate nozzle area increases. Further analysis of these results is included in Section 
9.3 of Appendix X. 
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9.4.  Summary 
 
A  new  method  has  been  developed  to  assess  the  noise  effects  of  a  variable  area  nozzle  while 
maintaining constant thrust. This study is the first use of this method, and the predictions should be 
compared to experimentally measured data when such data is available. 
 
The prediction method maps the relative working line changes from the Engine 2 rig measured noise 
data to the engine under consideration. The matching parameters are exhaust mass flow and total fan 
tip relative Mach number. The higher fan tip relative Mach number of Engine 1 introduced prediction 
inaccuracies at the cutback and sideline flight cases, which extended beyond the available Engine 2 rig 
data set. This highlights the reliance of the prediction method on accurate rig data, and suggests that 
the rig fan stage should be as close as possible to the engine fan stage.  
 
From the results of this study cumulative total aircraft ‘best area’ noise benefits may be summarised as 
follows: 
 
•  Up to 1 aircraft EPNdB for Engine 4 
•  Up to 0.5 aircraft EPNdB for Engine 3 
•  Up to 0.7 aircraft EPNdB for Engine 1 – recall limitations 
 
Any variation of nozzle area at approach is predicted to cause an increase in noise for Engine 3. This 
fact, combined with the noise reductions for increasing nozzle exhaust area at cutback and sideline, 
suggests that a variable area nozzle applied to this engine need only be designed to increase nozzle 
area from the datum. 
 
As  mentioned  previously,  the  methodology  used  in  this  investigation  was  equivalent  to  adding  a 
variable area nozzle to an existing engine. An alternative approach would be to design an engine with 
a variable area nozzle from the outset. This second approach, although outside the scope of this thesis, 
may provide further noise benefits over those already seen. The most important difference between 
these two approaches is that designing an engine to incorporate a variable area nozzle from the outset 
allows greater control over fan shaft speed. For example, at the approach flight position fan shaft 
speed could be reduced as nozzle area increases, thereby allowing a reduction in fan tip relative Mach 
number and subsequent associated noise benefits. The engines investigated as part of this study require 
a higher shaft speed as nozzle area increases for all flight cases including approach, thereby generating 
a higher fan tip relative Mach number.  
 
Increasing the nozzle area is predicted to reduce noise for Engines 3 and 4 at cutback and sideline. 
Engine 1 results at these flight conditions are limited by inadequate fan rig deltas (c.f. Figure 8.3.4 2 Eugene P. Deane  EngD Thesis September 2009  146 
of  Appendix  X),  and  highlight  the  need  for  accurate  fan  rig  deltas  when  performing  future 
investigations.  
 
The similarity in noise behaviour between Engines 3 and 4 suggest that noise variation due to nozzle 
area change is similar for each engine at a particular flight position. The main differences between 
engines may therefore be due to differing engine and component architectures, causing each engine to 
possess different optimum nozzle areas at each flight case. 
 
The behaviour of engine sources with variations in nozzle exhaust area is complex. Fan forward and 
rearwards noise sources are generally large contributors at all three flight conditions considered. For 
the  three  flight  certification  conditions  considered,  fan  forward  noise  generally  decreases  with 
increasing nozzle area, while fan rearward noise increases with increasing nozzle area. This behaviour 
is sensitive to the fan rig noise deltas extracted from the Engine 2 rig noise database, and highlights 
the need for accurate fan rig noise deltas for use within the method.  
 
Fan broadband noise in the rearward arc consistently increases with increases in nozzle area at cutback 
and sideline. Fan forward broadband noise decreases with increases in nozzle area. This decrease 
agrees with the findings of the cascade broadband noise parameter study carried out in Section   7.3. 
However, the forward arc broadband noise reduction may as likely be due to increasing rotor blockage 
due to the increasing shaft speed of the rotor with larger nozzle areas, which the noise model of 
Section   5 does not include. 
 
Other engine sources, such as jet noise generally decrease with increasing nozzle area, due to the 
reduction in mixed jet velocity. The influence of these sources on total aircraft noise depends on the 
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10.  Future Work 
 
This study has highlighted several possibilities for future work.  
 
The fan broadband noise cascade model predicts noise spectra in good agreement with measured data. 
However,  recall  that  this  is  a  2 dimensional  cascade  model,  for  which  the  turbulence  input  is 
homogenous and isentropic. The model is currently under development to include a more accurate 
wake description [29], and 3 dimensional effects [31], which may provide additional accuracy to the 
broadband noise predictions. However, in order for the cascade model to be used in an industrial 
context, computational speed will also need to be improved. 
 
A large database of rig measurements is available. Analysis of this database in the same fashion as the 
Engine 2 data may allow similar trends as found in Chapter 4b to be uncovered. A new modular fan 
test rig is under testing that may aid in the derivation of these new correlations. 
 
During the study investigating the effect of a variable area nozzle on engine noise, the rig noise 
measurements were found to have a large influence on the extracted fan noise deltas. In future rig 
noise tests it would be beneficial were measurements to be taken within the large region between 
working lines 5, and 6 (as labelled in this report). This would allow a higher order polynomial to be fit 
through the noise data, and would have an important impact on final results considering the sensitivity 
of aircraft noise to fan noise sources at approach, cutback, and sideline. 
 
In addition, the current method of transferring rig noise changes to engine noise predictions is based 
on two parameters; fan tip relative Mach number and a ‘throttle parameter’ related to mass flow. This 
method  may  be  improved  by  being  able  to  take  into  account  changes  in  fan  efficiency  between 
different fan designs. This would allow the design performance of differing fans to be included, for 
example when the fan design in question possesses a different design operating point to the fan design 
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11.  Conclusions 
 
This  thesis,  with  Appendix  X,  is  the  final  report  of  this  Engineering  Doctorate.  As  mentioned 
previously, the EngD is a doctorate with an emphasis on providing additional training and industrial 
experience. This is  gained  by  completing  additional  courses in technical,  management,  and  skills 
training. Technical work is carried out with and for industry, both with respect to the nature of the 
work  carried  out  for  the  sponsoring  company,  and  by  working  in  the  sponsoring  company  for  a 
significant portion of time. The sponsor is provided with the results of several years of study and 
research, the emphasis of which can be directed specifically by their needs. The research carried out as 
part of this EngD concentrates on increasing the understanding and modelling capabilities of aero 
engine noise. The presented thesis reports the findings of several investigations into aero engine noise 
sources, concentrating initially on fan noise. The following conclusions can be drawn from results 
shown in this publically available thesis. 
 
The first, and central, investigation presented in this thesis examines fan rig noise measurements to 
provide greater understanding of the associated noise sources. These noise sources are both tone and 
broadband in nature, in both forward and rearward arcs. This rig noise investigation shows how the fan 
noise sources vary with pressure ratio and normalised mass flow on a working line diagram. Many of 
these results are shown in Appendix X, though the following conclusions can be drawn from the 
results shown in this thesis 
•  Rig data is useful as a means of understanding broadband noise. 
•  Rig data can be used to calculate fan noise changes due to changes in pressure ratio and mass 
flow. 
•  To reduce the magnitude of most fan noise sources, one should attempt to reduce fan pressure 
ratio and shaft speed. 
The results of this investigation were used as input to, and to provide verification of, the other studies 
included in this project. 
 
An  additional  analysis  of  a  large  rig  noise  measurement  database  was  performed  using  several 
statistical techniques, with the correlation between different fan parameters and the measured noise 
providing  a  greater  understanding  of  how  the  groupings  reflect  the  physics  of  broadband  noise 
generation. The following conclusions can be drawn from the results of this study: 
•  The  complex  relationships  between  predictors  and  measured  broadband  noise  found  in 
Chapters 4 and 7 can be reduced to simple linear correlations of the form of Eq (  4.5 1). 
•  Statistical techniques are useful in attempting to identify uncorrelated independent predictor 
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Two  example  correlation  equations  are  shown  to  predict  low  frequency  broadband  noise  in  the 
forward and rearward arcs, with good final agreement found when compared to rig measurements. 
 
A fan rotor stator interaction noise model was used to investigate this broadband noise source, for both 
simple  geometric  and  aerodynamic  cascade  parameters,  and  fan  design  parameters.  Modelled 
predictions of fan broadband noise were compared with rig measurements, showing good agreement. 
 
Two parametric studies were carried out using the rotor stator interaction broadband noise model. The 
first parametric study investigated the effect on broadband noise of varying simple geometric and 
aerodynamic cascade parameters. The results of the first parametric study were used to derive scaling 
power laws that allow a degree of prediction of the change in broadband noise between two flight 
conditions. Some of the most important findings of the first parametric study are: 
•  The variation of low and high frequency broadband noise is different, and must be treated 
separately. 
•  There is a simple relationship between broadband noise, and flow turbulence intensity and 
vane chord. 
•  The relationship between broadband noise, and turbulent length scale, number of vanes, and 
stagger angle is complex. 
•  The high frequency analytical model shows good agreement with predicted high frequency 
broadband noise when integrated over a frequency band. 
 
The second parametric study investigated the effect of varying fan design parameters (efficiency, 
pressure  ratio  and  shaft  speed)  on  fan  broadband  noise  at  cruise,  cutback  and  approach  flight 
conditions. While the variation in broadband noise due to changes in shaft speed and efficiency are 
shown in Appendix X, the following conclusions can be drawn from results displayed in this main 
thesis document: 
•  Reducing fan pressure ratio reduces broadband noise. 
•  The sound power scaling laws derived as part of the first parametric study can be used to 
predict the change in fan broadband noise between different fan performance points along and 
between fan working lines. This prediction is more accurate at high frequencies. 
•  Flow Mach number onto the OGVs is the most significant parameter in the prediction of 
broadband noise. 
 
Another major section of this thesis presents an investigation into the total aircraft and total engine 
noise effects of a variable area nozzle on several engines, at certification flight points. Variable Area 
Nozzles  are  a technology  currently  under investigation  for their  potential  benefits to  both  engine 
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nozzle area variations into the prediction of the total engine noise. The following conclusions can be 
drawn: 
•  A new method was presented for the incorporation of fan noise changes due to the working 
line effects of varying exhaust nozzle area. This method used fan rig noise data to provide the 
noise changes due to working line effects.  
•  The new method was applied to several study engines, at the noise certification flight points, 
and was shown to be a practical approach to the incorporation of fan noise effects due to 
changes in exhaust nozzle area. 
•  Variable area nozzles are shown to be a useful means of reducing engine noise, though 
different nozzle areas are required to provide a reduction in noise at different flight points 
•  Increasing nozzle area will generally reduce fan forward noise and jet noise, while increasing 
fan rearward noise. The overall engine noise benefit is therefore due to a reduction in fan 
noise and jet noise sources, the contribution of which depends on flight point. The reduction in 
jet noise for an increased nozzle area on Engine 3 is greater than the reduction in fan noise, at 
all flight points investigated. 
•  An optimal nozzle area exists at each flight point; increasing nozzle area beyond this optimum 
reduces the noise benefit. 
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Appendices 
 
Appendix A 1 : Plane Wake Theory 
 
A visualisation of the plane wake downstream of a symmetrical aerofoil can be seen in Figure   0 1. 
The profiles are made visible in water flow by causing a voltage pulse through a straight ware 
orientated perpendicular to the flow. This creates small hydrogen bubbles that are then convected 
downstream. These velocity profiles clearly show the effect of the body on the flow, creating a 
velocity deficit profile.  
 
 
Figure   0 1   Wake of Symmetrical Aerofoil   Laminar Flow [7] 
 
In a turbulent wake this profile is also present in the mean flow, though superimposed by the turbulent 
fluctuations. The mean wake can be characterised by the maximum velocity deficit Uw (lying along the 
centre line), and the half wake width Lw (the y position where the wake mean velocity is ½ Uw). 
 
The classical work by Wygnanski [50] is a detailed study of large scale structures in 2 dimensional 
small deficit turbulent wakes. Several wake generators are studied, including a thick symmetrical 
aerofoil. This investigation studied self similarity in the far wake, specifically to assess whether a 
single velocity and length scale can be used to describe the flow.  
 
In this section we review the theory of plane (2 dimensional) wakes generated by a 2 dimensional 
symmetric aerofoil situated in a uniform mean flow. A 2D wake is formed when a uniform flow U∞ in 
the x direction flows over a 2D object that is symmetrical about the horizontal axis (‘x axis’ in Figure Eugene P. Deane  EngD Thesis September 2009  161 
  0 2).  The  resulting  wake  is  assumed  2 dimensional,  and  symmetric  about  the  y plane  as  shown 
schematically below in Figure   0 2. 
Figure   0 2   Definitions of axes and mean wake variables 
 
Figure   0 2 also defines the maximum wake velocity deficit Uw(x) and half wake width Lw(x), and wake 
edge velocity Ue. The wake edge velocity is the mean flow velocity at the wake edge, assumed to be 
approximately ∞ U 99 . 0 , where U∞ is the freestream velocity. The velocity difference, or deficit, is 
defined as the difference between the velocity at the wake centreline and the free stream velocity: 
 
) 0 , 0 , ( ) ( x U U x U w − = ∞   Eq (  0 1) 
 
The half wake width is defined as the distance between the wake centreline and the wake position 
where the velocity defect is half that of the maximum velocity defect, i.e. 
 
( ) ) ( 0 , 2
1 x U U L x U w w − = ± ∞   Eq (  0 2) 
 
As the wake convects downstream of the aerofoil the wake profile spreads i.e. Lw increases, and Uw/U∞ 
decays with increasing downstream distance x. For this reason the flow cannot be exactly self similar 
but does tend towards asymptotic self similarity in the far wake. In experimental investigations of 2 
dimensioal wakes, self similar behaviour has been seen when the velocity ratio Uw/U∞ is less than 
about  1/10.  Wygnanski  et  al  noted  self similar  behaviour  downstream  of  a  circular  cylinder 
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Appendix B 1 : Self similar relationships for 2 dimensional wakes 
 
This section will present relationships for the wake spreading parameter, and self similar relationships 
for Uw and Lw. In the region of self similar behaviour the transverse variation of mean velocity and 
Reynolds Stresses assume forms that are independent of x when normalised by Uw and Lw. Defining η 
= y/Lw, the self similar velocity defect profile can be described in terms of the normalized function f(η): 
 
( ) ( )
( ) x U
y x U U
f
w
0 , , −
=
∞ η   Eq (  0 3) 
Equation   0 3 can be rewritten as: 
) ( ) ( ) , ( η f x U U y x U w − = ∞   Eq (  0 4) 
 
By definition f(0) = 1, and f(± 1) = 0.5. The Reynolds Stress variation can also be written in terms of 
a normalised function;  
 
2 ) (
w U uv g > < = η   Eq (  0 5) 
 
The conditions under which self preserving flow is possible can be obtained by substituting self 
preserving  velocity  distributions  (such  as  U(x,y)  in  Equation    0 4)  into  the  equations  of  mean 













w ∞ ∞ ∝
2   Eq (  0 6) 
 
The term on the right hand side of Equation   0 6, involving the gradient of the half wake width, is 









∞ =   Eq (  0 7) 
 
Self similarity states that the spreading rate should be constant. In the far wake the product Uw(x)Lw(x) 
should be independent of x, and, together with the constancy of the spreading parameter, imply that Uw 
and Lw should vary as x
1/2 and x
 1/2 respectively. 
 Eugene P. Deane  EngD Thesis September 2009  163 
A quantity that is fundamental to the prediction of the wake is the momentum thickness θ, which can 






















θ   Eq (  0 8) 
 
The drag force F per unit span and freestream velocity U∞ (not equal to ∞ = 0.99U Ue ) are constants of 
the wake generator that are independent of x. It can therefore be shown that in the far wake [50]: 
 























  Eq (  0 9) 
 
















∞ θ ρ θ
x x
U
x x F Lw   Eq (  0 10) 
 
which clearly identifies the momentum thickness θ as the appropriate normalising length scale. Note 
that a factor of 2 has been introduced in Equations   0 9 and   0 10 for consistency with Wygnanski et al 






ρ τ =   Eq (  0 11) 
 
where τw is the shear stress at the wall (the integral of this shear stress around the blade surface 
provides the friction force experienced by the blade). Equations   0 9 and   0 10 suggest that at any 
position x from the wake generator, Lw and Uw can be predicted from knowledge of only θ.  
 
To obtain these self similar relationships it has been necessary to introduce the concept of the virtual 
origin x0. This is the point relative to the wake generator from which the wake appears to originate. It 
is used to account for viscous and Reynolds number effects, and depends on generator geometry. 
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Appendix C 1 : Correlation Methods for Estimation of Wake Turbulence 
Parameters 
 
This, and the following C appendices, is a review of measurements made of the mean and turbulence 
properties of the wake generated by a rotor in a ducted fan. In particular ‘correlation’ results, which 
relate the steady and unsteady wake characteristics by similarity rules, are reviewed. The aim is to be 
able to predict the turbulence characteristics of the wake from predictions of the mean wake and other 
steady aerodynamic quantities such as the rotor pressure loss. This section also ascertains whether the 
wakes  generated  by  ducted  fans  follow  the  classical  similarity  rules  established  for  2D  wakes 
generated by symmetrical aerofoils under laboratory conditions. 
 
Appendix C 2 : Correlation Approach of Gliebe et al 
 
The classical work of Wygnanski et al [50] outlined in the literature review suggests that correlations 
deduced  from  elementary  theory  may  be  used  to  predict  turbulence  quantities  in  the  wake  from 
measurements of the mean wake and momentum thickness. Based on this approach Gliebe et al [21] 
provide a model for predicting the mean and turbulent wake parameters in the exit flow downstream of 
a fan. Gliebe et al derived results that relate the various turbulent wake parameters to other more easily 
measurable mean aerodynamic parameters. This approach will be central to the development of a 
similar correlation model for use in the broadband noise estimation model. Ganz et al measured a 
number of turbulent and mean wake quantities; these are compared below to the results of Gliebe et al 
and the similarity rules proposed by Wygnanski et al. 
 
The wake measurements analysed by Gliebe et al are taken at 5 axial distances downstream of the 
rotor between 0.13 < x/c < 2, where c is the aerofoil chord. Since the momentum thickness is not 
specified in these tests it is unknown whether these limits overlap with the experimental measurement 
range of Wygnanski et al, of  2000 100 < < θ x . However, Gliebe et al state that these measurement 
positions are sufficiently far downstream for the wake to be fully developed and self similarity has 
been reached, thereby allowing the use of the approach proposed by Wygnanski et al to be applied. 
 
An important assumption made by Gliebe et al is that Mach number effects (for example shocks or 
expansions) on the evolution and behaviour of rotor wakes are of second order, and that viscous and 
rotor loading effects dominate the wake behaviour. The Low Speed Research Compressor blades used 
by Gliebe et al are modelled to simulate the corresponding high speed compressible surface pressure 
distributions. Therefore transonic and supersonic Mach number pressure distributions are implicitly Eugene P. Deane  EngD Thesis September 2009  165 
modelled excluding any shock boundary layer effects. The assumption is reasonable as long as the 
rotor inlet relative Mach number is below approximately 1.1.  
 
As a first step to collapsing the data the mean wake velocity profile is normalised by the maximum 
wake velocity deficit Uw and the half wake width Lw. Note that Gliebe et al present Uw and Lw for both 
the mean relative velocity and turbulence intensity wake profiles at each downstream measurement 
position. This is seen below in Figure   0 3 for " 5 . 0 = x . However, it is not clearly specified whether Lw 
as derived from the mean velocity profile or the turbulence intensity profile is used to derive the 
correlations. It is assumed that for the calculation of mean relative velocity wake correlations, Uw and 
Lw are deduced from the average relative velocity profiles. To calculate turbulent intensity correlations, 
Uw and Lw are deduced from profiles of the turbulence intensity. It is seen that Lw derived from the 
turbulent intensity profile is slightly wider than that of the mean velocity profile.  
 
 
Figure   0 3– Variation of relative velocity and turbulence intensity over one wake period axial position x = 
0.5” [21] 
 
Of interest in broadband noise modelling is the turbulent velocity component normal to the leading 
edge of the stator vanes.  
 
Now consider the final wake correlation model of Gliebe et al is displayed. In addition to mean 
velocity profile correlations of Uw and Lw, the measured wake turbulence is also investigated both in 
terms of turbulence intensity and turbulent velocity components, and turbulence integral length scales. 
Note that the turbulence intensity and turbulence integral length scales are the necessary inputs to 
broadband noise models. 
 
Gliebe et al have investigated the degree to which the approach of Wygnanski et al. could be used to 
form correlations of rotor wake turbulence data. The first order correlation formulae for wake half 
width  and  maximum  wake  velocity  deficit  for  the  turbulent  wake  profile  are  shown  below  in 
Equations   0 12 and   0 13 respectively.  



























  Eq (  0 13) 
 
Note that in Gliebe et al there is an inconsistency between the definition of non dimensional distance 
X.  In  Section  3.4.4  of  [21] ( ) θ 2 0 x x X − = ,  while  in  Section  3.6  of  [21]  ( ) θ 2 x X = .  This  is  an 
important distinction. Wygnanski et al [50] chose only one value of x0 for each generator investigated 
and this value had to satisfy the dependence of both Uw and Lw on initial conditions. As Gliebe et al 
derive equations as a function of x relative to the trailing edge, i.e. not from the virtual origin, these 
have been reproduced here. This then allows estimation of the correct virtual origin by calculation of 
the position where the ordinate equals zero. 
 
Note that from Equations   0 12 and   0 13, the virtual origins of the wake half width and centreline 
velocity deficit may not be the same. Figure   0 4 below shows a comparison between a predicted and 
measured  normalised  wake  velocity  defect  profiles.  The  measured  data  presented  The  predicted 
velocity defect profile is calculated by  
 
( ) ( )
4 2 056 . 0 637 . 0 exp η η η − − = f   Eq (  0 14) 
 
with the measured data presented being taken from hotwire measurements recorded by Gliebe et al. Eq 
(  0 14) is the mean wake equation of Wygnanski et al for a cylinder, including a fourth order correction. 
The hotwire data is normalized by( ) ( ) min U U U U − − ∞ ∞ , and Lw is calculated from Equation   0 12 
above, i.e. the half wake width calculated from the turbulence intensity. The comparison is shown for 
two downstream distances at 50% immersion. The correlation is seen to be quite good in both cases, 
though accuracy improves further downstream. 
 
 
Figure   0 4 – Mean velocity comparison: x = 0.5 and x = 7.5 at Throttle 30 [21] Eugene P. Deane  EngD Thesis September 2009  167 
 
In addition to the turbulent wake velocity deficit and half wake width, turbulence parameters include 
those listed below. Gliebe et al. also normalises these parameters and develops correlations for their 
behaviour. These are summarised below. 
 
















  Eq (  0 15) 
 
•  Individual components of the turbulent velocity amplitudes and integral length scales follow 














  Eq (  0 16) 
 
Considering  the  turbulent  velocity  components,  these  are  the  axial,  circumferential,  and  radial 
directions respectively. The coefficients B and C for each turbulent velocity component are shown 
below in Table 1.  
 
A  B  C  Component 
u  0.004132  0.1412  Axial 
v  0.004005  0.1423  Circumferential 
w  0.005114  0.1371  Radial 
 
Table 1 – Coefficients of Equation   0 16 for turbulence component correlations 
 
From the similarity of these coefficients B and C, it appears that the flow is close to isotropy. Gliebe et 
al  and  Ganz  et  al  find  that  the  three  components  of  the  averaged  individual  turbulent  velocity 
components are very similar in magnitude, indicating that the turbulence is approximately isotropic in 
the mid span section, outside the effective regions of hub and tip flow. Evidence of isotropy is also 
seen, though less strongly when comparing integral length scales of the streamwise turbulent velocity 
component below.  
 
Gliebe et al. find from their experimental data that the turbulence intensity, based on the freestream 
velocity  at  the  rotor  trailing  edge  plane,  does  not  vary  significantly  with  increasing  downstream 
distance. This seems contrary to intuition. However, Gliebe et al display the normalised trends, such as 
those of the individual turbulence components, as the turbulence velocity rms amplitude normalized 
by Uw. It is known from Wygnanski et al that Uw decreases with increasing downstream distance. 
Therefore as the wake velocity defect decays, ui/Uw increases and the absolute value of the normalized 
turbulence velocity remains approximately constant. 
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The turbulent wakes are found to be well defined in the mid span region. This clarity reduces in the 
hub and tip regions due to interaction between the wake and wall boundary layer, as was found for the 
mean  velocity  wake.  Ganz  et  al.  present  measurements  of  the  turbulence  intensity  rms  velocity 
normalized by the circumferentially averaged axial velocity. These are found to be small, less than 1%, 
between rotor wakes, though reaching up to 4% or 6% in the wake core. The variation of intensity for 
the transverse velocity component is found to increase sharply when crossing the wake, as opposed to 
the region between wakes, similar to that observed in 2D wakes. 
 
Both  Gliebe  et  al.  and  Ganz  et  al.  find  that  the  distribution  of  the  transverse  turbulent  velocity 
component  is  approximately  symmetric  across  a  wake  pitch.  The  streamwise  turbulence  intensity 
component peaks slightly towards the trailing edge of the suction side of the wake pitch, and the radial 
turbulent intensity velocity component peaks at the leading edge of the pressure side of the wake. This 
is seen below in Figure   0 5, an example taken from [16]: 
 
Figure   0 5 – Turbulence intensities in stationary coordinate system 
Corrected fan speed 70%, low fan loading, large tip clearance 
 
Due to the single point hot wire measurements performed by both Gliebe et al and Ganz et al, only the 
streamwise integral length scales are considered for each component. Ganz et al use Equation   0 17 
below to calculate the integral length scales. Displayed is the equation for the streamwise integral 
length scale of velocity component u, equivalent equations are used for velocity components v and w: 
 








→ =   Eq (  0 17) 
 
In Equation   0 17, U is the mean flow velocity, PSDuu(f) is the power spectral density of velocity 
component  u  at  frequency  f, 
2 u  denotes  the  variance  of  turbulence  component  u,  and  δ  is  the 
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normalising  length  scale.  Gliebe  et  al  do  not  specify  how  the  integral  length  scales  in  [21]  are 
calculated. 
 
Ganz et al. presents measured ratios of streamwise integral length scales normalized by wake width 
and duct radius as seen below in Figure   0 6: 
 
 
Figure   0 6 – Comparison of streamwise integral length scales normalized by duct radius and wake width, 
from [16] 
 
The trailing edge momentum thickness θ is not considered as a normalising length scale. Normalising 
by wake width is found to provide better collapse of data. Ganz et al calculate the ratio of axial 
integral length scale to circumferential integral length scale as 1.8, while that of axial integral length 
scale to radial integral length scale is 1.4. The isotropic turbulence ratio is 2, indicating that, as found 
by Gliebe et al., the flow is approximately isotropic in the mid span region. 
 
Gliebe  et  al  find  that  the  axial  length  scales  give  the  best  correlations  as  a  function  of  x  when 
normalized by the local wake momentum thickness. Gliebe et al find that the correlations are very 
weak  when  normalized  by  Lw,  calculated  from  either  the  mean  velocity  profile  or the turbulence 
intensity profile, and blade to blade circumferential spacing. The axial length scale correlation for 
each turbulence velocity component can be seen below in Appendix C 3. 
 
It is interesting that both Gliebe et al and Ganz et al find that the statistical properties of complex 
highly non homogenous turbulence have similarities to isotropic turbulence, as seen for both turbulent 
velocity  components  and  integral  length  scales.  This  implies  that  turbulence  spectra  may  be 
normalized in a fashion used for isotropic turbulence.  
 
Appendix C 3 : Summary of correlation coefficients proposed by Gliebe et 
al for estimation of the turbulent wake of a rotor 
 
Gliebe et al. recommends the following correlation equations for estimating fan rotor wake mean 
velocity and turbulence velocities and length scales. Parameters used in the correlation equations are 
the axial distance downstream of the trailing edge x and the trailing edge momentum thickness θ. The Eugene P. Deane  EngD Thesis September 2009  170 
wake trailing edge momentum thickness can be approximated by the section drag coefficient CD and 





Cd ≈ θ   Eq (  0 18) 
 
All correlation equations take the form: 
 
C MX Y + =   Eq (  0 19) 
 
where X = θ 2 / x . 
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Appendix D 1 : Basic Fan Performance Theory and Through Flow Analysis 
 
In addition to an understanding of turbulent wakes, modelling and modifying fan performance are also 
important  factors  within  this  thesis.  The  following  D appendices  introduce  various  means  of 
calculating  and  assessing  fan  performance.  These  include  velocity  triangles,  rotor  aerodynamic 
behaviour, and fan working lines.  
 
The following Appendix D 2 on velocity triangles also introduces a basic mechanism of through flow 
analysis. A through flow program is used for several investigations described in this thesis, to provide 
aerodynamic and performance data at specified fan performance points. The through flow program 
used  is  a  two dimensional  axi symmetric  program  that  models  the  modifications  to  flow  streams 
caused by the existence of the fan, using the theory of velocity triangles. 
 
Appendix D 2 : Velocity Triangles 
 
When considering the fan stage of a turbofan engine there are two possible frames of reference, that of 
the rotor or that of the nacelle. 
 
In the nacelle frame of reference the observer appears to be sitting on the nacelle, and therefore views 
the fan rotating. In this frame of reference the air flow velocity is called the absolute velocity. This can 
be resolved using Pythagoras’ theorem into two mutually perpendicular velocity components. These 
are the axial velocity of the air moving in the axial direction, and the absolute whirl velocity of the air 
moving in a circumferential direction around the nacelle. 
 
In the rotor frame of reference the observer appears to be sitting on the rotor, which therefore appears 
to be stationary cascade of blades. The air flow then appears to be approaching at a relative velocity, 
which is made up of the absolute velocity vector and the circumferential whirl velocity of the air 
towards  the  blades.  This  circumferential  whirl  velocity  is  the  blade  circumferential  (rotational) 
velocity U. It is important to note that the axial flow velocity is the same in both frames of reference. 
 
These  vectors  can  be  seen  below  in  a  velocity  triangle.  Velocity  triangles  are  a  useful  tool  in 
understanding and designing rotating components in turbo machines as they combine these two frames 
of reference in a compact format. They can be constructed at each stage in a compressor. To model the 
flow about a fan rotor, two are used. These can be seen below. Eugene P. Deane  EngD Thesis September 2009  172 
 
Appendix D 3 : Rotor Aerodynamic Behaviour 
 
The relative velocity VREL1 approaches the rotor at a steep angle. This angle is reduced as the rotor 
turns  the  relative  velocity  towards  the  axial,  which  also  increases  the  flow  passage  width.  This 
increases the flow area normal to the relative flow direction, which causes the subsonic flow to slow 
down. The reactive force that acts to slow down the moving air is provided by the greater downstream 
static pressure. This slowing reduces the bulk kinetic energy, which becomes random thermal energy 
thereby causing the static temperature to rise. As the increase in static pressure is larger than the 
increase  in  static  temperature  the  equation  of  state  dictates  that  the  density  rises.  These  effects 
combine to cause a reduction in relative flow velocity greater than the increase in relative flow area. 
 
The  absolute  whirl  velocity  of  the  flow  exiting  the  rotor  is  larger  than  that  entering  due  to  the 
additional absolute velocity imparted on the flow by the rotor. Therefore the flow relative to the 
following stator/OGVs approaches at a steep angle (V2 exiting the fan becomes equivalent to VREL1 
entering the OGVs). The OGVs then perform the same role as the upstream rotor by turning the flow 
towards the axial, increasing the area normal to the absolute flow direction, and increasing the static 
temperature and pressure. 
 
It is important to note that the air is always slowing down in the whirl direction relative to the rotor or 
stator it is passing through. However the flow never comes to a stop as what slows the flow relative to 




Figure   0 7 – Image of fan rotor velocity triangles Eugene P. Deane  EngD Thesis September 2009  173 
As the air moves over the rotor blades, which are modified aerofoil profiles, these apply a ‘lift’ force 
on the rotor which opposes the rotation of the fan. Therefore in the absolute frame it is necessary to 
input work to the fan in order to maintain rotation. This work is transmitted from the LP (low pressure) 
turbine via the LP shaft. 
 
Relative total (stagnation) temperature of a gas travelling through a rotor passage at constant radius 
will remain constant provided no heat or relative shaft work is imparted. Friction due to the no slip 
condition on the blade surfaces will decrease the flow velocity and increase the static temperature, but 
stagnation temperature remains constant. If laminar flow is assumed stagnation pressure will also 
remain constant, though not if friction is present. 
 
For subsonic flow, a divergent rotor passage acts as a diffuser, slowing down the relative velocity of 
the flow as mentioned above. If viewing the fan perpendicular to the relative flow direction all of the 
passages are divergent.  
 
If a flow streamline does not remain at constant radius when moving from the rotor leading edge to the 
rotor trailing edge but instead moves towards the blade tip, then the flow at the rear will be moving 
faster than that at the leading edge. Therefore there will be an increase in the relative stagnation 
temperature as more kinetic energy is converted to thermal energy. If this is the case extra shaft work 
in the absolute frame will have been done on the flow. All of the above comments also apply to the 
OGVs. 
 
As mentioned above, in the relative frame of reference the fan and OGV’s act as diffusers increasing 
the static pressure and slowing the relative velocity of the flow. In the absolute frame of reference the 
air passing through the fan is compressed into a smaller volume as it is accelerated in the direction of 
rotation. This rotation is opposed by the lift force of the fan blades which act as brakes against the 
rotation. This braking force is  W V M   where M is the mass flow rate through the fan. Assuming that 
the streamlines through the fan remain at constant radius then the rate of doing work is  W V MU  . 
Another way of expressing the rate of doing work is  T MCP  , where  T    is the change in absolute 
stagnation temperature through the stage. Therefore one can state the Euler work equation that.  
This equation is derived in Appendix F 1. 
 
The change in whirl velocity  W V    is the same in both the absolute and relative frames of reference. 
Figure    0 8  below  displays  the  magnitude  of  W V    by  overlaying  the  two  fan  velocity  triangles 
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displayed previously. The blue lines denote the flow at fan inlet and the red lines denote the flow at 
fan exit. 
 
If  the  component  efficiency  is  known  then  the  rise  in 
stagnation temperature can be used to calculate the rise in 
stagnation pressure, and vice versa. 
 
The  above  work  equation  and  absolute  stagnation 
variables allow the calculation of the overall component 
performance, but do not help in the design of the blade 
shape required; for this the relative velocities are needed. 
If  the  relative  approach  velocity  and  inlet  static 
conditions  are  known  then  the  relative  stagnation 
conditions can be calculated. Recalling that in the relative 
frame of reference no work is done either by or on the 
rotor  as  it  is  not  moving,  therefore  assuming  constant 
radius the stagnation temperature does not change across the component. Relative stagnation pressure 
will fall slightly due to frictional losses, and therefore relative stagnation exit values are known. Then 
knowing  W V    and assuming constant axial Mach number across the fan then the relative exit velocity 
can be calculated. 
 
This procedure is repeated for the OGV cascade, using the fan exit static conditions as inlet conditions 
to the OGVs. 
 
In summary the increase in static pressure through the fan can be explained two ways:  
1.  In the absolute frame of reference by shaft work compressing the air into a smaller volume by 
accelerating it 
2.  In the relative frame of reference by slowing the air down and converting the bulk kinetic 
energy to random thermal energy as the air squashes. No relative work is done. 
 
This is essentially the procedure followed by Q263, the through flow calculation program that is used 
in this investigation to calculate new flow angles and component performances for different flight 
points. These flight points can be located on a working line diagram which is described next. 
 
 
Figure   0 8 – Overlaid velocity triangles 
displaying  W V    Eugene P. Deane  EngD Thesis September 2009  175 
Appendix D 4 : Working Lines 
 
A working line traces the pressure ratio and mass flow at different steady state values of rotational 
speed. For a given value of pressure ratio and mass flow the fan will pick the appropriate speed value. 
A basic working line plot can be seen below in Figure   0 9. Note that as the temperature during 
measurement can vary, the constant speed lines are in fact constant  T N  lines. 
 
If shaft speed is maintained and mass flow reduced (equivalent to reducing the flow axial velocity), 
this increases the angle of incidence onto the fan blades. Assuming that the deviation of the flow 
leaving the blade trailing edges remains constant this means that each blade must turn the flow a larger 
amount. Therefore the desired pressure rise asked of the blades for a given inlet relative dynamic head 
increases; if this increases too far then the blades will stall. Eventually a ‘surge’ may occur where the 
flow regime breaks down and flow reversal can occur. The line locating this behaviour for a given 
rotational speed, there the component starts to stall or surge, is called the surge line. 
 
Alternatively, increasing the flow passing through the fan for a given rotational speed reduces the 
amount of turning required of the fan. As the mass flow increases further the passages between blades 
will start to choke. This means that the flow passing through the throat of the passage (the narrowest 
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part) reaches Mach 1, at which point no further increase in mass flow is possible. Blade passage area 
increases after the throat and the subsonic flow slows down, this gives an overall reduction in relative 
speed through the passage. The mass flow at which choking takes place increases with increasing shaft 
speed. 
Appendix E 1 : Calculation of momentum thickness from pressure loss 
coefficient 
 
This Appendix will describe the conversion from fan Pressure Loss Coefficient (PLC) to momentum 
thickness, which forms the input to the wake correlation model derived by Gliebe et al. 
 
The objective of the fan is to produce a rise in static pressure, thereby deflecting the flow. The PLC is 
defined as the difference between the inlet and exit stagnation pressures, normalized by the inlet 

























ω   Eq (  0 21) 
 
Note that  ∞ i U  is the inlet freestream velocity. Eq (  0 21) is valid for low Mach or incompressible flow, 
where P is the stagnation pressure, p denotes the static pressure, and q is the dynamic pressure. The 
subscripts  1  and  2  denote  fan  inlet  and  exit  respectively.  Bernoulli’s  equation  is  valid  for 




1 U p P ρ + =   Eq (  0 22) 
 
The blade wake displacement and momentum thicknesses can be related to this pressure loss, in that 
the flow momentum lost due to this pressure loss across the blade equals the momentum thickness of 
the wake and therefore the pressure loss across the blade is equivalent to the pressure loss traversing 
the wake.  
 
Consider the blade wake across a single passage: 
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Figure   0 10 – Typical wake of one blade passage 
 
In Figure   0 10  ∞ e U  is the blade exit freestream velocity, U is the actual velocity across the wake, U  is 
the  mean  velocity,  and  S is  the  blade  passage  width.  The  displacement  thickness  of  the  wake  is 















* δ   Eq (  0 23) 
 
The displacement thickness is physically the (circumferential) distance through which the mean flow 
streamlines  are  displaced  due  to  the  presence  of  the  blade  wake.  The  mean  velocity U  can  be 






  Eq (  0 24) 
 













  Eq (  0 25) 
 
In Eq (  0 25) the term in brackets is equal to the wake blockage. 
 




























U P ρ   Eq (  0 26) 
 















ω   Eq (  0 27) 
 










≈ − − =   Eq (  0 28) 
 
which relates the displacement thickness to the incompressible pressure loss coefficient.  
 
A quantity that is fundamental to the prediction of the wake is the momentum thickness θ, which can 






















θ   Eq (  0 29) 
 
The drag force F per unit span and freestream velocity Ue∞ are constants of the wake generator that are 














  Eq (  0 30) 
 
where c is the blade chord.  
 
The shape (‘flatness’) of the mean velocity profile is quantified by the ‘Shape Factor’ H, defined as the 





= H   Eq (  0 31) 
 
As in channel flow, when Reynolds number increases the velocity profile becomes steeper close to 
wake  centreline  (or  the  wall  in  the  case  of  channel  flow),  and  flatter  away  from  the  centreline. 
Therefore H decreases with increasing Reynolds number. For the Blasius boundary layer  6 . 2 ≈ H , 
while for the Klebanoff boundary layer  3 . 1 ≈ H . 
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Assuming that the pressure loss across the blade remains constant over a sufficiently wide velocity 
range (neglecting flow discontinuity effects), it is possible to relate  i ω  which is the pressure loss 
coefficient based on the incompressible dynamic pressure at exit, to the pressure loss coefficient based 
on the compressible dynamic pressure at inlet: 
 
ex rel i i in rel q q P _ _ _ ω ω = =     Eq (  0 33) 
 
in rel











=   Eq (  0 34) 
 










_ ω =   Eq (  0 35) 
 









ω ω θ = =   Eq (  0 36) 
 
The  correlations  derived  by  Gliebe  et  al  use  the  derived  momentum  thickness  and  distance 
downstream as input parameters, and provide the turbulent velocity fluctuations and turbulence length 
scale required by the rotor stator broadband noise model. 
 
Appendix F 1 : Derivation of the Euler work equation 
 
This derivation is based on that found in Reference [12]. 
 
Consider a hypothetical fan blade rotating at an angular velocity denoted   in radians/sec. Flow enters 
the fan at radius r1 with a tangential whirl velocity VW1, and exits at a radius r2 with a whirl velocity of 
VW2.  If  an  imaginary  packet  of  fluid  of  mass  t m m δ δ & =  passes  through  the  rotor,  this  packet  has 
momentum  1 1 W V mr δ  on  entry  and  2 2 W V mr δ .  Torque  is  equal  to  the  rate  of  change  of  moment  of 
momentum, which can be written as: 
 
( ) 1 1 2 2 W W V r V r m T − = &   Eq (  0 37) 
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( )
( ) ! 1 2 2
1 1 2 2
W W
W W
V U V U m
V r V r m T W
− =
−   =   =
&
& &
  Eq (  0 38) 
 
U1 and U2 are therefore the speed of the blade row at inlet and outlet. The power is also equal to the 
mass flow rate times the change in stagnation enthalpy per unit mass;  0 h m W   = & & . 
 
The enthalpy h can be described by Eq (  0 39) below: 
 
pv e h + =   Eq (  0 39) 
 
The internal energy is denoted e, pressure p, and specific volume v. Note that pv is not the ‘pressure 
energy’. The pressure is the facilitator that enables conversion from thermal energy to, in this case, 
displacement work. As the pressure increases the specific volume of the fluid packet this is the ‘bulk 
displacement energy’. 
 
If the process is assumed to be isentropic, and the specific heat capacity of the gas is a constant value, 
then the gas is said to be calorically perfect. Enthalpy can be written 
 
T c h p =   Eq (  0 40) 
 






h h + =   Eq (  0 41) 
 
where V is the axial flow velocity through the fan. From Eq (  0 38) it can be written that: 
 
1 1 2 2 0 W W V U V U h − =     Eq (  0 42) 
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  =  
− =   =   =   1 1 2 2 0
  Eq (  0 43) 
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T i   Eq (  0 45) 
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Eq (  0 49) 
 
Appendix H 1 : Derivation of least squares analysis 
 
From Eq (  4.5 1) assume two broadband noise levels being calculated using two predictors. This can be 
written as: 
2 2 , 2 1 2 , 1 2
2 1 , 2 1 1 , 1 1
a P a P w
a P a P w
+ =
+ =
  Eq (  0 50) 
The residual equation Eq (  4.6.1 1) can be rewritten using Eq (  0 50) above as 
2 2 , 2 1 2 , 1 2 2
2 1 , 2 1 1 , 1 1 1
a P a P w r
a P a P w r
− − =
− − =
  Eq (  0 51) 
alternatively 




i j i j j a P w r   Eq (  0 52) 
where w is a vector of length j, a is a vector of length i, and P is a matrix of dimensions  j i×  The 
least squares method attempts to minimise the square of the residual. The length of vector r is the 
norm of the residual vector, therefore Eq (  0 52) squared can be written as Eugene P. Deane  EngD Thesis September 2009  182 





2 Pa P Pa w w w
Pa P a w P a Pa w w w
Pa w Pa w r r r
T T T
T T T T T T
T T
+ − =
+ − − =
− − = =
  Eq (  0 53) 
Eq (  0 53) is minimised when  
( ) 0 2 2
2
= + − =
∂
∂
Pa P P w
a
r T T   Eq (  0 54) 
Dividing Eq (  0 54) by 2, and rearranging leads to: 
Pa P w P
T T =   Eq (  0 55) 
which is Eq (  4.6.1 2) above. 